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Abstract
ABSTRACT
The evolution o f the Global Navigation Satellite System (GNSS) is aiming to provide more 
benefits in comparison to the existing standalone Global Positioning System (GPS). The biggest 
advantage for such an evolution will be higher visibility provided by combined number o f  naviga­
tion satellites in the orbit. Although a multi-band GNSS antenna and the receiver can exploit the 
advantages o f the combined navigational systems, one o f the biggest factors affecting the accuracy 
o f the position solution is the presence o f the multipath interference. These interference signals are 
generated by the reflection and diffraction o f the incoming line o f sight signals from different ob­
jects present around the antenna.
This work presents the design, development and measurement o f a novel dual band multipath 
mitigating antenna for precise orbit determination (POD) applications. The proposed antenna is the 
combination o f a fully integrated dual band step-shorted annular ring antenna and a compact 
broadband multipath mitigating ground plane. The proposed antenna is compact, low cost and has a 
very simple easy to manufacture structure. Moreover, the proposed antenna configuration offers 
uniform performance across both bands. In order to validate the suitability o f the proposed multi- 
path mitigating antenna for small satellite applications, the performance is compared against the 
existing multipath mitigating ground planes available in the literature. The figures o f merit selected 
for the characterisation o f multipath mitigation are front to back ratio (FBR), gain pattern slope, 
polarization purity, side lobe level suppression and cross polarisation gain at about and below the 
horizon. The overall antenna size, design complexity and commissioning have also been consid­
ered.
This work also presents the design and development o f a compact low cost dual band circularly 
polarized switched beam array antenna for remote sensing applications. The array antenna uses a 
low cost PIN diode and microstrip line based switching mechanism integrated to the antenna. The 
array provides left hand circular polarization (LHC?) with ±25° coverage and is intended for GNSS 
refiectometry where the weak navigation signals are picked up by the high gain antenna array after 
reflection from the surface o f the ocean or the earth and different phenomenon such as speed and 
direction o f the winds, and soil moisture can be estimated. Similar to the dual band multipath miti­
gating antenna, the measurement results o f the integrated antenna array show uniform performance 
across both bandwidths.
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Introduction
1 INTRODUCTION
Global Navigation Satellite System (GNSS) is a satellite based radio navigation system that pro­
vides global coverage and evaluates precise information about the spatial coordinates (longitude, 
latitude and altitude) o f an object. NAVSTAR GPS (Global Positioning System) is the single fully 
operational satellite navigation system available for commercial and military users around the 
globe while Galileo, GLONASS and COMPASS / Beidou (European, Russian and Chinese respec­
tively) are in the development stage with GLONASS operating with partial capability [1]. A basic 
navigation technique for GPS is known as one-way ranging from GPS satellites, which also broad­
cast their estimated position. Ranges are measured to four satellites simultaneously in view by 
matching the incoming signal to a locally generated replica and measuring received phase against 
user’s crystal clock. Longitude, latitude, altitude and correction to other user’s clock are the four 
variables that are estimated from the received signals. Fewer satellites can also be used if  the time 
or altitude is already known [1]. GPS signals are transmitted in the L band using two distinct carri­
ers namely LI (1.575 GHz) and L2 (1.227 GHz) with the LI carrier for civilian and the L2 for 
military applications. An improved code for civilian use at the L2 band (L2C) is included to enable 
civilian receivers to better account for ionospheric distortions and providing more immunity against 
multipath interference. The L5 carrier centred at 1176.45 MHz has also been added for civilian use 
in 2009. These signals are generated synchronously, so that a user who receives both signals can 
directly calibrate the ionospheric group delay and apply appropriate corrections.
The GNSS antenna is an essential part o f any spacecraft. A GNSS receiving antenna onboard a 
satellite receives signals from other GNSS (transmitting) satellites and the associated receiver pro­
cesses them for the precise orbit determination. A GNSS receiver onboard the satellite is able to 
calculate the position o f the spacecraft, and can also be used to accurately determine velocity and 
time. The calculated position o f the satellite helps in minimizing alignment errors and helps in ac­
curate tracking thereby allowing the uploading and downloading o f the data within the visibility 
period. Space-borne GNSS receivers can also be used in remote sensing applications. A high gain 
spacebome GNSS antenna picks up reflected signals from the surface o f ocean, earth and ice to 
determine different phenomenon such as ocean salinity, soil moisture, directions and speed o f 
winds etc.
1.1 Research motivation
The GNSS has become an integral part o f  our everyday life. It is widely used as a navigational 
instrument in both civilian and military applications. Almost every gadget now a days comes with a 
built in GPS antenna allowing the users to determine its location in the world. Surveying and re­
mote sensing applications are also finding their way both in military and civilian market. Figure 1.1
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presents the frequency allocation chart for current and future navigation systems. It can be seen 
from the figure that all the GNSS systems will be occupying almost the entire L-band with a gap 
from 1300 MHz to 1559 MHz for amateur radio and digital audio broadcasting (DAB). The over­
lapping frequency bands between multiple GNSS systems can be clearly seen from Figure 1.1. This 
overlap is crucial for the receiver as the individual signals can only be differentiated on the basis of 
baseband modulation. On the other hand, the frequency overlap means that an antenna designed for 
E2-L1-E1 Galileo can also receive signals from the GPS LI and the COMPASS (Beidou) B1 and 
Bl-2. Similarly an antenna designed for the E5 Galileo band can also work with the L5 GPS and 
the B2 COMPASS. The same antenna may also receive signals from the L2 GPS for possibly hav­
ing a wider bandwidth.
E5
E5a E5b
L5
1194 MHz
L2 L2
E2 L1 El
1300 MHz 1559 MHz
LI LI
Bl-2
GPS
Ig l o n a s s I
[GALIL#W
1610 MHz
Figure 1.1: GNSS frequency allocations [2]
Table 1-1 further shows the allocated frequency carriers and the associated band widths for the 
navigation systems.
System Country Frequency (MHz) Bandwidth (MHz)
LI 1575.420 -2x1.023 MHz
GPS USA L2 1227.600 -2x10.23 MHz
L5 1176.450 -2x10.23 MHz
LI 1602.000
LI 1575.420
GLONASS Russia L2L2
L3
L5
1246.000
1242.000 (planned) 
1202.025 (planned) 
1176.450 (planned)
-2x0.511 MHz 
-2x5.11 MHz
El 1575.420 -24.552
E6 1278.750 -40.920
Galileo European Union E5b: 1207.140 -20.460
E5 1191.795 -51.150
E5a; 1176.450 -20.460
B1 1559.052~1591.788 -4.092
COMPASS China B2 1162.220-1217.370 -24
B3 1250.618-1286.423 -24
Table 1-1: GNSS frequency allocation [3]
The fact that new navigation systems are being developed besides the currently operational GPS 
will open up a new era for the researchers and the consumers. Inclusion for more navigational sat­
ellites in space and the availability o f more GNSS signals will increase the measurement accuracy 
as well as relax the receiver design. The GNSS systems together will offer the following benefits to 
the users.
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1.1.1 More navigation satellites
Combining the GNSS systems together will provide a lot o f benefits to the civilian users. Firstly, 
increasing the number o f satellites will increase the visibility to a user at any time o f the day. Simu­
lations carried out in [4] suggest that the average number o f satellites visible to a user is 6 for GPS 
only, 12 for GPS/GLONASS, 15 for GPS/Galileo and 21 GPS/GLONASS/Galileo improving the 
respective visibility by 200%, 250% and 350% relative to GPS only. The simulations were carried 
out at 1° intervals o f latitude and longitude, and an altitude o f 50m, using a 15° masking angle and 
therefore do not consider the effect o f the reflected or low elevation multipath signals [4].
Secondly, increasing the number o f navigational systems will increase the continuity and reduce 
the chances o f service failure. In addition to that, more satellites mean that the required level o f 
accuracy can be reached faster. Availability o f more signals would provide more data for receiver’s 
positioning algorithm and extra satellites can reduce the time required for ambiguity resolution.
Lastly, increasing the number o f GNSS satellites will make sure that measurements are more in­
dependent. The receivers would be able to use code correlation instead o f cross correlation and data 
available to surveying receivers would be less noisy [4]. The overall system will also be more im­
mune to outage and interference as the signals suffering least interference can be used by picking 
up from the available pool.
1.1.2 High Accuracy applications for Mass Market
GNSS is a very good tool for the applications demanding high accuracy. It can achieve centimetre 
level accuracy with limited amount o f data available. GNSS has found its applications in agricul­
ture, mining, oceanography, disaster monitoring, atmospheric sounding, machine guidance and 
safety o f life applications. Availability o f more satellites and signals will open a wide range o f ap­
plications for GNSS civilian users and surveyors.
Ocean roughness Ocean Currents Storm Surges
Tropospheric Ionospheric map calibration Earthquake
boundary layer (from ice reflections) (ionospheric signature)
Ice edge mapping Ice freeboard
Dry snow depth
(Navigation) (Dual Freq)
Soil Moisture Flooding extent Biomass
Table 1-2: GNSS applications [5]
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More satellites availability for observations will result in enhanced performance for real time sur­
veying. Extra signals would provide better ionospheric correction and faster ambiguity resolution. 
Addition o f a civilian signals will also simplify the receiver design for dual frequency operation as 
the phase estimation will no longer be required for differential measurements. Table 1-2 presents 
the list o f some civilian applications in the fields o f science and surveying.
1.2 Research Objectives
In order to exploit the benefits o f  all the available GNSS satellite signals, a multi-band antenna is 
needed that can capture the signals at all system frequencies. The design o f such an antenna is a 
difficult task as it requires uniform performance throughout resonance bandwidth. Moreover, the 
GNSS antenna needs to suppress multipath interference at all the desired frequencies in order to 
minimise ranging errors. The focus o f this research is to design and development multi-band anten­
nae for GNSS. Low profile fully integrated GNSS antenna are required for minimizing the losses 
and keeping the cost low. In order to fulfil the demand o f high precision applications, high end 
multipath interference mitigation capability is required. The antenna prototypes should be manufac­
tured with the space qualified materials but should have compact-size and low cost. Since 
multipath interference is a frequency dependant phenomenon, its mitigation at all the GNSS fre­
quencies would be a critical design challenge.
1.3 Research Contributions
The following major contributions have been made in order to reach the proposed objectives.
1.3.1 Design of a novel dual-band step-shorted annular ring (S-SAR) antenna
The dual band S-SAR anterma is a stacked configuration o f shorted armular ring anterma ele­
ments. In contrast to the existing dual band shorted armular patch anterma designs, the proposed 
configuration offers design flexibility and makes the overall anterma structure more compact and 
robust. A compact broadband hybrid coupler is integrated with the antenna to achieve circular po­
larization. The proposed configuration also achieves wide axial ratio bandwidth, easy 
manufacturing, independent tuning, and easy extension for tri-band operation. The complete geom­
etry and the operation o f the anterma are further explained in chapter 3.
1.3.2 Design of novel compact broadband multipath mitigating ground plane
In order to improve the multipath mitigating performance o f the proposed antenna, a novel compact 
broadband ground plane; the cross plate reflector ground plane (CPRGP) is proposed. The CPRGP 
is a ground plane configuration that can be used to effectively suppress multipath interference at the 
LI (1.575 GHz) and the L2 (1.227 GHz) GNSS bands. In comparison to the commercially availa­
ble choke ring ground planes, the proposed CPRGP does not require periodic corrugations. The
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proposed ground plane is compact, low cost and can be easily manufactured. The CPRGP integra­
tion with the dual band S-SAR antenna produces a fully integrated compact multipath mitigating 
antenna with 56% less thickness in comparison to the conventional choke ring design. The ground 
plane geometry and operation is presented and explained in chapter 4. The CPRGP performance is 
measured and verified by comparing against the existing multipath mitigating antennae.
1.3.3 Design of a compact dual-band switched beam antenna array
As already discussed, the GNSS has found numerous applications in the field o f satellite based re­
mote sensing. Unlike the precise orbit determination application, GNSS remote sensing antennae 
usually require high gain beams with narrow beam widths. Capability o f steering the beam results 
in an added advantage as the target can be locked and the measurements can be made for longer 
time. A circularly polarized dual-band switched-beam antenna array has been designed and manu­
factured. The proposed antenna design is a four element linear array incorporating a broadband 
switching mechanism in order to provide a continuous coverage for ± 2 5 °  around the zenith. The 
proposed antenna array incorporates a novel multiple band beam switching feed network. The de­
signed feed network has demonstrated a 28.5% bandwidth. The proposed antenna array offers 
higher gain at multiple frequencies, beam scanning along the array axis and low manufacturing 
cost. The design o f the broadband beam switching feed network and its integration with dual band 
antenna elements is presented in chapter 5. The antenna can also be used in military applications 
for the anti-jamming and interference mitigation.
1.4 Novelty of the Research
This research has produced a completely novel configuration o f a dual band multipath mitigating 
antenna. The proposed antenna configuration offers uniform gain and multipath mitigation perfor­
mance across both frequency bands. Moreover, the proposed antenna configuration is compact, 
inexpensive and easy to manufacture.
The research has also produced a very inexpensive and efficient beam switching capability for the 
dual band array antenna. The proposed antenna array is compact, fully integrated and offers high 
gain at both frequencies making it extremely suitable for small satellite applications.
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1.6 Outline of the thesis
Chapter 1 o f the thesis introduces the research problem and briefly presents the research contribu­
tions. Chapter 2 presents the literature review o f the state o f the art multi-band GNSS antennas 
explaining merits and demerits o f each design. It introduces the multipath interference problem for 
spacebome GNSS antennae along with the antenna requirements. It also presents a review o f array 
antennae for GNSS remote sensing. Chapter 3 presents the design o f a novel dual-band step- 
shorted annular ring antenna and highlights its advantages. Chapter 4 presents some preliminary 
designs o f multipath mitigating ground planes and discusses some simple techniques that can be 
applied to reduce the size and mass o f existing choke ring ground planes. It also introduces the de­
sign o f a novel compact broadband multipath mitigating ground plane for GNSS antennae while 
chapter 5 presents the design, manufacturing and measurement o f dual-band switched beam anten­
na array for GNSS refiectometry. Chapter 6 presents the conclusion and gives recommendations for 
possible extensions to the existing work.
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2 LITERATURE REVIEW
This chapter presents a comprehensive review o f state o f the art Global Navigation Satellite System 
(GNSS) antennae elements and arrays. In order to remain within the scope o f this research, only the 
multiband or broadband antenna designs have been presented. Circular polarization, semi- 
hemispherical radiation pattern and wide axial ratio beam width are few key requirements that are 
considered important in the design o f GNSS antennae. Moreover, the overall antenna gain, size, 
mass, form factor and manufacturing cost are some o f the quality factors assessing the suitability o f 
the antenna for small satellite applications. It is worth mentioning that any antenna design satisfy­
ing the requirements o f the standalone GNSS antenna for precise orbit determination can also be 
used for remote sensing applications in the form o f an array. Firstly the general requirements o f a 
GNSS anterma are presented followed by some common and novel multi-band antenna designs. 
Secondly, the multipath interference problem is introduced. Multipath interference is a very com­
mon source o f error in spacebome GNSS and its suppression requires some key characteristics in 
the anterma pattern. Thirdly, a review o f some multipath mitigating ground planes is presented and 
lastly, a few designs o f  remote sensing array antermae have been presented.
2.1 GNSS antenna requirements
The general requirements for the GNSS antermae are semi-hemispherical radiation pattern with 
a sharp roll off near the horizon, high polarization purity and multipath mitigation capability. The 
antenna also requires compact size, low cost and should have multiband capability. Table 2-1 
shows a list o f typical RF requirements for a general GNSS receiving anterma operating at the LI 
band. Although, this table is only for LI and L2 frequencies, all the basic requirements on gain, 
bandwidth, polarization, radiation pattern, and reflection coefficient can be applied to other GNSS 
frequencies. Some advanced operations may have different requirements for achieving better posi­
tion accuracy and interference suppression capability. On the other hand, a refiectometry GNSS 
anterma will necessarily require a higher gain anterma pattern instead o f semi-hemispherical pattern 
and may also be less susceptible to multipath interference as it is not intended for precise range 
measurements. In addition to the general RF requirements presented in Table 2-1, a multiband 
GNSS anterma for spacebome applications should also consider the following restrictions.
Firstly, all the materials for manufacturing the anterma should be space qualified and the issues 
such as low outgassing should be considered in the material selection. Materials that have previous­
ly been flown and tested in space should be preferred. The antenna structure must also be robust to 
be able to survive during the launch. The mounting o f the anterma onto the satellite body also has 
to be very rigid. The effects o f  radome or any other type o f protection material close to the antenna 
surface should be considered during the anterma design process.
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Secondly, the presence o f the other subsystems around the antenna and the mutual coupling be­
tween the antenna and the space craft body should also be considered. It is also important to avoid 
any suspended metallic layers within the anterma structure. The static charge deposition on the me­
tallic structure o f the anterma may harm the low noise amplifier and other circuits [3].
Thirdly, the anterma should be compact in order to be accommodated in the limited space avail­
able onboard. A smaller size o f anterma may also enable it to have more distance from other 
instruments onboard, hence reducing the coupling between them.
Center Frequency 1.575 G H z/1 .227  GHz
Frequency Bandwidth 20 MHz (9 MHz min.)
Gain (Zenith, 90° Elevation) 3 - 5  dBic
Gain (10° Elevation) -5 dBi (typ.)
Polarization RHCP
Axial Ratio (3 dB beam width) <3dB
Axial Ratio (10° above horizon) < 2 0  dB
Reflection Coefficient < -1 0 d B
Impedance 50 Q  (typ.)
Table 2-1: Antenna requirements for a GNSS antenna [3]
2.2 Multi-band GNSS antennae
The following presents the designs o f some common and novel GNSS antennae. All o f the present­
ed designs have some advantages and disadvantages. It is worth mentioning that some o f the 
antermae may have very good performance but may not be practical and vice-versa.
2.2.1 Aperture Coupled Antenna
A dual band aperture coupled antenna for GPS applications has been presented in [6]. The an­
terma geometry is simple. Two microstrip square patches etched on very thin substrate are stacked 
together. The stacked patches are separated by Rohacell; a foam like substrate with effective per­
mittivity close to 1. The top patch resonates at 1.575 GHz while the bottom patch resonates at
1.227 GHz. The anterma is fed using a microstrip feed network at the bottom o f the ground plane. 
Energy is coupled to the anterma through a slot in the ground plane and its dimensions control the 
impedance matching. The presented simulation and measurement results suggest that the antenna 
achieves a front to back ratio (FBR) o f 15 dB. Axial ratio remains less than 3 dB for more than 
35% of operational bandwidth. The only disadvantage o f the aperture coupled anterma design is the 
high level o f backward radiation that results from the slot coupling. An external reflector is thus 
required in order to improve the antenna performance. The anterma geometry is presented in figure
2.1 with different layers stacked together. The actual dimensions o f each layer can be found in [6].
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top patch
1 top substrate  
 ^and Rohacell
bottom  patch
bottom  patch  
and Rohacell
ground plane
Slot feed  su b strate
feed  network
Figure 2.1: Dual band aperture coupled antenna [6]
2.2.2 Single feed stacked microstrip antenna
A single feed dual band stacked patch microstrip antenna is presented in [7]. Similar to [6] the an­
tenna has two microstrip patches resonating at the LI (1.575 GHz) and the L2 (1.227 GHz) bands. 
The antenna has been fed using a coaxial probe connecting to the top element. The bottom element 
is electromagnetically coupled to the top patch. Circular polarization is achieved by truncating the 
corners of the stacked patches. Figure 2.2 presents the antenna geometry.
fcird ptiinl ■
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Figure 2.2: Dual band stacked patch antenna [7]
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A small air gap has been used between the stacked patches to improve impedance matching but 
may also increase the inductance o f through via connection. The presented measurement results 
show respectable performance at both frequencies. The antenna design is simple but has a disad­
vantage o f having narrow axial ratio band width. Another disadvantage of the presented antenna 
design is the strong coupling between the stacked elements making it very difficult to optimise the 
truncated corners for axial ratio improvement.
2.2.3 Probe feed dual band microstrip antenna
Combining the designs presented in section 2.2.1 and section 2.2.2 a dual band microstrip antenna 
has been presented in [3]. The developed antenna structure consists o f three layers o f Duroid 5880 
substrate where top two layers, above the ground plane, are made o f rohacell (foam) base and a thin 
layer of duroid 5880 (£r~ 2.2, /z = 0.127 mm) while the bottom substrate, below the ground plane, 
is thick layer o f Duroid 5880 (cr = 2.2, h = 1.575 mm). All the layers are stacked and joined 
together using a 3M® VHB 9469 double sided adhesive tape. Bandwidth enhancement has been 
achieved to compensate for the possible frequency shift o f the patch antenna caused by human 
errors in antenna manufacturing and the antenna mounting and surrounding objects. Figure 2.3 
shows the manufactured prototype. The antenna measurement results presented in [3] show that 
the antenna achieves above 6 dBic gain at both frequency bands. The over all antenna size is 150 x 
150 mm^.
Figure 2.3: Dual band probe feed antenna [3j
2.2.4 Proximity fed stacked patch antenna
A stacked-patch antenna design for covering L 1,L 2 and L5 GPS bands is presented in [8]. It con­
tains two vertically stacked patch antenna elements, each with a dielectric layer and a conducting 
patch. Each layer is responsible for resonating at one frequency band. A branch-line hybrid located 
at the bottom o f the antenna excites two orthogonal modes with approximately 90° phase difference
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at each resonant frequency for achieving circular polarization. This is a better approach to achieve 
circular polarization compared to the single feed (with truncated corners) approach for due to wider 
(achievable) axial ratio bandwidth. The antenna is fed using proximity probes which are conven­
iently located on the sides and are much easier to fabricate. However, the presented antenna design 
uses thick layers o f very high permittivity material for bandwidth enhancement and size reduction 
and therefore may result in an expensive solution.
Vertical
strips
K30
■ / Duroid 
» I ^^010L M
^  , Chip resistor:
Coaxial 5 0  ^  
connector
Figure 2.4: Triple band proximity coupled antenna [8]
2.2.5 Quadruple F antenna
A compact 1.5"x 1.5" F shaped antenna is presented in [9]. The antenna uses an F-shaped element 
to produce multiple frequency operation. The antenna operation is simple. Two fingers o f the F- 
shaped element resonate at different frequency bands. The substrate thickness improves the antenna 
impedance bandwidth and the high permittivity ensures compact size. Circular polarization is 
achieved by arranging four F-shaped elements in a circular array and providing 90° progressive 
phase difference between consecutive feed ports using a hybrid coupler arrangement.
Higher Siih\lrale
Quadrature 
coax feeding
il
Figure 2.5: Quadruple F shaped antenna [9]
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Figure 2.5 presents the antenna geometry along with fabricated prototype of quadruple F-shaped 
antenna. The antenna is mounted on a large ground plane to achieve semi-hemispherical pattern. 
Antenna measurement results show that the antenna achieves a maximum gain of 2 dBic for the L2 
and L5 bands while 0 dBic for the LI band. Similar to the aperture coupled design the quadruple 
antenna requires a complex feed network.
2.2.6 Dual band stacked annular ring antenna
A dual band stacked annular ring antenna is presented in [10]. In comparison to a normal circular 
patch an annular ring antenna has compact size. The presented dual band antenna consists o f two 
annular rings etched on the opposite sides o f the same substrate. The antenna is fed using a branch- 
line coupler and H-shaped slots. Figure 2.6 presents the simulation layout o f the stacked annular 
ring antenna. Antenna measurement results presented in [10] show that the antenna achieves more 
than 2% axial ratio bandwidth while the antenna gain at the LI band and the L2 band is 6 dBic and 
7 dBic respectively. It is worth mentioning here that due to the compact size, the annular ring an­
tenna is usually fed by slot or proximity coupling [11][12][13][14] and therefore may require a 
reflector to overcome backward radiation. A probe fed annular ring antenna design is presented in 
[15] but requires an impedance matching transformer between the SMA connector and the feed 
point.
Lower ring 
Upper ring P
H-Shaped Slot
3dB Hybrid
50 Ohm —
SMA Feed Port
Figure 2.6: Dual band annular ring antenna [10]
2.2.7 Stacked shorted elliptical annular patch (SSEAP)
Shorted annular patch antennae have recently been investigated for high precision GNSS applica­
tions. In contrast to an annular ring and traditional circular patch antennae, the shorted annular 
patch has bigger dimensions. On the other hand the antenna has an advantage o f minimal lateral 
and surface wave propagation. A stacked shorted elliptical annular patch antenna has been present-
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ed in [16]. The antenna uses two elliptical shorted annular patch elements stacked together with an 
air gap in between them. The antenna is fed using a diagonal olfset coaxial probe where the feed 
location and the patch ellipticity determine the polarization purity. Antenna performance presented 
in [16] show that the dual band shorted annular ring patch achieves wide axial ratio beam width 
with above 7 dBic gain.
down
Î
. 1
h
s .  ! h
Figure 2.7: Shorted annular patch for GPS applications [16]
2.2.8 Quadrifilar Helical Antenna
The quadrifilar helical antenna (QHA) is a common antenna design that has been demonstrated for 
satellite communications and GNSS applications. It has a simple geometry, small size and is able to 
achieve circular polarization for wide beam width. The QHA is able to produce a hemispherical 
radiation pattern but short fractional turn volutes are not able to produce a sharp cut o tf beyond 
coverage region and also there are some back lobes present. Despite of the suitability o f  QHA to 
the design requirements, its manufacturing is complex. A Planar Quadrifilar Helical Antenna 
(PQHA) simplifies the antenna fabrication while maintaining the performance o f the traditional 
QHA. Etching the PQHA on thin layer of flexible substrate material allows for line meandering, 
looping, bending and varying the pitch angle thereby reducing the size and mass. A dielectric load­
ed PQHA for hand held satellite phones is shown in figure 2.8. The antenna uses a sleeve balun to 
balance the current in the coaxial line and gives a uniform semi-hemispherical pattern above the 
ground. Since this antenna is to be used in a handheld device so attenuation to GPS signals is just 
one way but in the case o f satellite receiver, especially with reflectometry applications, gain re­
quirement is too high. The PQHA can give a nice hemispherical radiation pattern but is a narrow
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band structure so it can be operated at one band at a time. In order to operate the same antenna at 
more than one frequency either concentric or piggy backed PQHA are required [17] [18].
Figure 2.8: PQHA for hand held receivers [19]
The dielectrically loaded QHA (DQHA) can be modified to work in dual frequency. In figure
2.9 the DQHA has been modified to work in both GPS and Beidou. The antenna works in both GPS 
LI (1575 MHz) and Beidou L2 (1620 MHz) frequencies.
Sleeve balun
Feed àO:'
Figure 2.9: Dual band DQHA [17]
The dual band DQHA has further been modified for triple band operation by arranging the die­
lectrically loaded quadrifilar helix antenna (DQHA) and the dielectrically loaded octafilar helix 
antenna (DOHA) in a piggy back configuration [18]. The DOHA operates at the L2 (1.227 GHz) 
and the L5 (1.175 GHz) whereas DQHA resonates at the LI (1.575 GHz) frequency. The DQHA 
can be considered o f two bifilar both o f X (guided wavelength) length. One o f the bifilar is made 
slightly longer and another slightly shorter in order to obtain necessary phase difference for proper
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operation of quadrifilar helix antenna (self-phasing technique). The sleeve balun rim is o f XIA 
length and separates the antenna from the feed system. Since the antenna is dielectrically loaded 
with high permittivity substrate the antenna gain is below 0 dBic for the entire required bandwidth.
Dll Uv ln- t
Figure 2.10: Tri-band Quadrifîlar Helix Antenna [18]
2.2.9 Spiral Antenna
Spiral antennas are popular for their wide band circular polarization operation. Two important types 
o f the spiral antennae presented in the literature are conical spirals and planar spirals [20] and both 
can be constructed easily be printed circuit board (PCB) techniques. The conducting conical spiral 
surface can be constructed conveniently by forming conical arms on the dielectric cone. The feed 
cable can be bound within the metal arm and wrapped around the cone. The radiation pattern is to­
wards the apex with maximum along the axis. Similarly a planar spiral can also be etched on a thin 
substrate layer. However, the planar spiral requires a reflector ground plane to achieve a semi- 
hemispherical pattern.
Figure 2.11: Universal GNSS antenna [21]
Spiral Antenna has been modified in several forms to work for different conditions. A new type 
o f ultra wide beam SMM (Spiral Mode Microstrip) antenna is presented in [21]. The antenna has 
the Archimedean spiral configuration which has a broad bandwidth and is extremely tolerant to the
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environmental changes. The further enhancement to this type o f system will be focused on opti­
mizing the design with trade offs between performance, cost and other issues. The radiation pattern 
obtained from this type o f antenna has a very small back lobe. Another advantage o f this type of 
antenna is the low cost, low mass and stable phase centre [21].
2.2.10 Slot spiral antenna
Figure 2.12 shows a novel compact GNSS array based on four square Archimedean spiral an­
tenna element [22].
U_____________________ 3,5”
R=100 Q Bottom
Top
3.5” 3 mm
0.616 mm
4.4 mm 0.495 mm
Figure 2.12: Microstrip fed four slot spiral antenna [22]
The overall antenna dimensions are 8.9 x 8.9 x 2 cm^. Each antenna element is connected 
through a standard SMA coaxial connector located at four corners. This antenna can provide con­
tinuous coverage at all GNSS frequencies. The antenna uses resistive termination at the antenna 
feed to improve the impedance matching. The same mechanism is also used for spiral termination 
minimizing mutual coupling between the elements and improving the axial ratio. Antenna meas­
urement results presented in [22] show that the array antenna achieves greater than 1.5 dBic peak 
gain over the entire coverage bandwidth.
2.2.11 Quadrifilar spiral antenna
Similar to a QHA a quadrifilar spiral antenna (QSA) can be created by inter-winding four separate 
spiral arms. A QSA antenna has been presented in [23] where four spiral arms are fed with a pro­
gressive 90° phase difference to achieve circular polarization. However, the sense o f the circular 
polarization is determined by both the relative phase difference and the curl direction o f the spirals. 
Unlike traditional QSA, the design presented in [23] applies feeds at the outsides o f spiral arms. 
This resolves problems of mutual coupling which arise while feeding the QSA from the centre.
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Figure 2.13 shows the QSA being fed from the outside. A small ground plane is used to direct the 
energy towards the Zenith.
Figure 2.13: Quadrifîlar spiral antenna [23]
2.2.12 Four armed spiral helical antenna
A four armed reflective backed spiral antenna with a top-fed quadrifilar helix antenna operating 
over the 0.35 to 2.6 GHz is presented in [24]. Figure 2.14 shows the configuration o f the presented 
antenna. Four feed lines are connected to the centre o f quadrifilar spiral antenna. The outer edges of 
the spirals are connected to the four armed quadrifilar helix antenna. A small reflector is connected 
underneath the antenna in order to produce a semi-hemispherical coverage. Antenna measurement 
results show that the antenna achieves a nominal gain o f 7 dBic. A similar design is presented in 
[25] where the PQHA is base loaded with a spiral antenna. The antenna design presented in [25] is 
an inverted configuration of figure 2.14 where the spiral is fed from the outer edges and is connect­
ed to the PQHA at the inner edges. The advantage o f such a configuration is less coupling and low 
complexity o f the feed network.
Figure 2.14: Quadrifilar spiral antenna [24]
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2.2.13 Bow-tie turnstile antenna
Another type of antenna that can achieve a wide impedance bandwidth is a bow-tie turnstile an­
tenna. The antenna produces an omni-directional radiation pattern and therefore requires a reflector 
ground plane to achieve hemispherical radiation pattern. A droopy bow-tie turnstile antenna, shown 
in figure 2.15, has been presented in [26]. The presented antenna is optimized to achieve 28% im­
pedance bandwidth at the L band. The antenna uses differential feed and a 90° hybrid coupler to 
achieve circular polarization. Antenna measurement results show that the antenna achieves an aver­
age gain o f 8 dBic across the resonant bandwidth.
Figure 2.15: Droopy bow-tie turnstile antenna [26]
2.2.14 Wide band pinwheel antenna
A GPS-704X pinwheel antenna design presented in [27] is a wideband antenna based on an array o f 
coupled spiral slots arranged in a pinwheel configuration. A microstrip multiple-turn spiral trans­
mission line arranged on the lower surface o f the substrate works as the antenna feed network. The 
pinwheel antenna is compact, lightweight and has multipath mitigation capability with overall di­
mensions of (including antenna housing) 200 x 200 x 70 mm^ Although the proposed antenna 
covers the entire L-band, the gain performance is not uniform across the resonance bandwidth. An­
tenna measurement result presented in [27] show the antenna performing better at higher frequency 
e.g. the proposed antenna achieves 6.8 dBic at 1.575 GHz while only 2.8 dBic at 1.227 GHz.
Figure 2.16: Modified pinwheel antenna [27]
2.2.15 Evaluation of current antenna designs
In comparison to many other multi-band GNSS antenna designs available in the literature the above 
presented designs have an advantage that most o f them are planar and therefore can be manufac­
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tured using simple PCB technology. Investigating the performance o f the above antenna designs 
following conclusions can be made.
1. A two feed or a four feed antenna with progressive 90° phase difference can achieve wider axial 
ratio bandwidth in comparison to a single offset feed with truncated comers or elliptical aper­
tures. However, the four port feed network may be complex to design and would consume a 
larger space.
2. Slot coupling with thick substrate can enhance the antenna impedance bandwidth but need a 
reflector ground plane to suppress backward radiation that can reach the levels as high as -7 
dBic very easily [28] [29].
3. Thick substrates with very high permittivity have been used for the antenna miniaturization but 
result in degraded antenna performance. The antennas may also be expensive to fabricate due to 
the involvement o f high permittivity substrate.
4. Annular ring antennas can reduce the size without requiring a high dielectric substrate but also 
use aperture or slot coupling.
5. Shorted annular patches are good in minimizing lateral wave propagation but the available de­
signs use air gap between the stacked patches for impedance matching and practical designing.
6. PQHA antennas are planar, low cost and easy to fabricate but do not have the advantage o f be­
ing low profile. Techniques have been presented in the literature to reduce the antenna axial 
length but the antenna performance is also compromised.
7. Quadrifilar spirals are low profile but require a reflector ground plane. Moreover, both QHA 
and QSA essentially require a four port feed network thereby increasing the antenna complexi­
ty. The traditional spiral antennae are single feed but require a balun and reflector ground plane.
2.3 Selecting the spaceborne antenna
Narrowing down the above presented antennas on the basis o f design requirements presented in 
Table 2-1 we observe that the aperture coupled antenna, the annular ring antenna, the probe feed 
antenna, the SAP, the four armed spiral antenna and the bow-tie turnstile antenna achieve the re­
quired gain at both frequencies. However, all o f these antennae have some o f the following 
attributes making them suitable or unsuitable for the small satellite applications. The following 
briefly presents the advantages o f the presented antennas in order to find the most suitable design 
for spaceborne GNSS. Table 2-2 further summarizes the antenna performance against key design 
factors.
Both the aperture coupled and the annular ring antennae use slot coupling method to transfer 
energy from the feed to the antenna. The presence o f a slot in the ground plane just underneath the
- 3 2 -
Literature Review
antenna increases backward radiation decreasing the boresight gain and interfering with other an­
tenna subsystems. Putting a metallic reflector quarter o f a wavelength away from the antenna may 
minimize the backward radiation but the antenna may no longer remain low profile.
The probe feed antenna does not suffer from the backward radiation problem but the presence o f 
thick Rohacell substrate may degrade the cross polarization performance.
The bowtie turnstile antenna and the integrated four armed spiral antennae achieve a uniform 
gain at both frequencies but require a reflector ground plane and a complex four feed arrangement.
The shorted annular patch antenna is the most suitable candidate for multiband GNSS applica­
tions. However, the presented antenna design also requires an air gap as part o f the antenna 
geometry. The antenna also uses an impedance matching feed network to eliminate the inductive 
reactance o f the long feed pin and therefore cannot be mounted directly on to the satellite body. The 
single offset feed approach is simple and useful but usually achieves narrow axial ratio bandwidth.
Antenna type Feed type
Backward
Radiation
High < -10 dBic 
Low > -10 dBic
Reflector
requirement
Profile
High > 15 mm 
L o w <  15 mm
Aperture coupled 
(section 2.2.1) Slot coupled High Yes Low
Probe fed (sec­
tion 2.2.2 and 
2.2.3 )
Single port and 
two port probe 
feed
Low No Low
Annular ring Slot coupled High Yes Low
Bowtie Turnstile Four port pro­gressive High Yes High
SSAEP Single probe feed Low No Low
QSA Four port pro­gressive High Yes Low
QHA Four port pro­gressive Low No High
Table 2-2: Summary of state o f the art multiband antennas for GNSS
Despite the respectable dual band performance o f the above presented antenna designs, it has 
to be noted that that the conventional precise orbit determination antennae had been ordinary mi­
crostrip patches integrated to a choke ring ground plane [30][31]. The integration o f choke ring 
ground plane is considered necessary in order to nullify the effects o f the multipath interference. 
The multipath interference degrades the antenna performance and decreases measurement accura­
cy. The following presents the theory o f multipath interference from the perspective o f terrestrial 
and spaceborne GNSS antennae and presents some techniques used in the antenna design to miti­
gate it.
2.4 Theory of multipath interference in GNSS
Multipath has been cited as a major error source in GNSS systems. Multipath can distort signal
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modulation and carrier phase thus degrading the performance [1]. Multipath problem arises due to 
signals reaching at the receiver from more than one direction reflecting or diffracting from the an­
tenna surface or any other object present near to the antenna (space craft body). Attenuated and 
phase shifted (delayed) replicas of line of sight (LOS) signal reach at the receiver antenna and are 
summed together. This summed signal (LOS and multipath combined) in return distorts the correla­
tion function introducing errors in pseudo range and carrier phase measurements. GNSS signals 
being right hand circularly polarised (RHCP) are changed to left hand circularly polarised (LHCP) 
after reflection and can be easily received by the antenna if sufficient cross polarisation gain is 
available in the side and back lobes. Multipath interference can be rejected if antenna beam is 
shaped to achieve a sharp roll off gain pattern in addition to small side and back lobes. Choke rings, 
use o f absorbing material or a local ground plane are some methods to achieve good multipath per­
formance.
reflecting surface
Figure 2.17: Typical multipath scenario for a ground based GNSS antenna [32]
For the reflection model shown in figure 2.17, the excess path difference o f a direct LOS signal and 
signal reflected from ground \ s d -  2 h s m 6 ^ . The path length is assumed to be very small in com­
parison to overall GPS code chip and therefore the receiver correlator is not able to discriminate 
between the direct and reflected signal. Phase difference between the LOS and reflected signal giv­
en by Ô = - ^ ^ s in ^ .  changes the overall phase of the received superimposed signal by the relation
(p = G~^ s in ^  where G = G{6), a function of 6, is the ratio (assumed greater than one) o f the an­
tenna’s rms voltage gain [33]. Dependence o f antenna G and 3 on frequency suggests a phase 
variation across the frequency band. Figure 2.18 replicates the two ray reflection model presented 
in figure 2.17 for the case o f a satellite based GNSS receiver where Ray 1 is the direct LOS signal 
while Ray 2 is the reflected replica. The reflecting surface in the case o f the above scenario is the 
satellite structure itself. If a satellite’s signal propagates along a direct path to the receiver’s anten­
na, the receiver can accurately determine the satellite range. A body mounted antenna on the 
satellite is affected by multipath mainly due to diffraction from the edges o f the satellite structure.
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Figure 2.18: Multipath environment for spaceborne GNSS antenna
2.4.1 Surface waves and multipath interference
Waves travelling along the boundary between two surfaces are called surface waves while the me­
dium of their propagation is called the surface wave guide. Surface waves exist in materials having 
negative dielectric constant such as metals and their properties can be derived by solving the waves 
that decay exponentially away from a dielectric interface [34].
Surface waves can occur on the interface between two dissimilar materials such as metal and air 
[34]. Surface waves are very common in the microstrip antennas. These waves are excited with in 
the antenna substrate due to the probe reactance and the other higher order modes. Figure 2.19 
shows the surface propagation in a microstrip antenna. It can be seen from the figure that the sur­
face waves travel along the ground plane and tend to radiate on reaching the ground plane edge. 
This degrades the antenna performance by producing side and back lobes. Since the dominant TMo 
surface waves have a zero cut off frequency, they would affect the performance of antenna regard­
less of operating frequency [35]. Therefore a microstrip antenna with an inherent ground plane 
would support surface wave propagation which in turn would produce side and back lobes enhanc­
ing multipath interference. The higher levels o f side and back lobes in a microstrip antenna are not 
desirable as they make the antenna vulnerable against the incoming multipath interference signals. 
Since surface waves decay very slowly and travels long distances, a fairly large (ideally infinite) 
ground plane would be needed for complete suppression. Other ways o f suppressing the surface 
wave propagation is the use o f absorbers around the antenna. However, the associated disadvantage 
with the use o f absorbers is the decrease in the antenna efficiency.
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surface wavesground plane
Figure 2.19: surface wave propagation on a reflector [34]
2.5 Multipath mitigating antenna
Multipath interference can be rejected to some extent by shaping the radiation pattern o f the anten­
na. Figure 2.20 shows the radiation pattern o f a microstrip stacked patch antenna at the LI band 
(1.575 GHz). It can be observed that the co-polar gain starts decreasing while moving away from 
the boresight whereas the cross polarisation gain starts increasing. The polarization state changes 
from predominantly RHCP to LHCP and is completely reversed in the back lobes. Since the major 
sources for multipath interference are reflected and diffracted signals coming from low elevation 
angles, shaping the antenna pattern to achieve a sharp roll off and low cross polarization levels can 
minimize it. Sharp roll off gain would help reject the diffracted signals by providing them extreme­
ly low gain while low cross polarization levels will help rejecting the reflected signals. In summary 
it is preferable for a multipath mitigating GNSS antenna to have a radiation pattern that has a rela­
tively low co-polar gain and extremely low cross polar gain at low or negative elevation angles.
A critical point to note is the effect on antenna beam width with pattern sharpening. The limit on 
antenna beam width is kept to be 60° which is required for 90% visibility for precise orbit determi­
nation (POD) applications [36]. The dependence o f excess path length and antenna gain on 
frequency suggests that a multiband antenna should be capable o f providing sufficient multipath 
rejection at all desired frequency bands.
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Figure 2.20: Radiation pattern of a square patch antenna at 1.575 GHz
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Table 2-2 presents the requirement for a dual band multipath mitigating GNSS antenna. These 
requirements have been taken from [26] and [27]. Different to the Table 2-1, these requirements 
introduce parameters critical to multipath mitigation such as front to back ratio (FBR), cross polari­
zation isolation (RHCP / LHCP) and backward cross polarisation.
Parameters Values
Frequency o f operation L 1 / L 2
Antenna Gain (dBic) 3 - 5
FBR(dB) 25
Pattern roll-off (dB) 8 - 1 4
Antenna axial ratio (dB) 45° (elevation) < 315° (elevation) < 6
5° (elevation) < 8
RHCP/LHCP @ 90° (dB) 15 (ideally)
Maximum (absolute) backward cross polariza­
tion gain (dBic) -15
Phase centre variation (mm) < 2
Table 2-3: Antenna requirements for multipath mitigating antenna 
2.6 Techniques for multipath suppression
Different techniques are suggested in the literatures which try to minimize multipath reception ei­
ther by shaping the radiation pattern or by tuning the antenna itself so that it generates low levels o f 
side and back lobes and is inherently immune to signals arriving from different directions 
[37][38][39][40][41]. Integration o f external ground planes such as choke ring and the use o f elec­
tromagnetic band gap (EBG) substrate are also amongst the popular methods for multipath 
mitigation. An antenna put on a satellite platform would be susceptible to interference from the sig­
nals coming from the sides and back o f the antenna. It is needed to look for the techniques that can 
be applied to an antenna in general regardless o f its geometry. The techniques that would be dis­
cussed in the later sections would be from the point o f view o f microstrip patch antennae and have 
some advantages and disadvantages over one another.
2.6.1 Metallic Reflector
The simplest way to reduce the back lobe o f an antenna is to put a metallic reflector underneath it. 
The metallic reflector will shield the antenna from the signals coming from below the horizon. A 
microstrip antenna can be directly mounted to a large reflector ground plane for performance im­
provement but generally most o f the dual frequency microstrip antenna designs have an integrated 
feed network at the most bottom. This makes the distance between the antenna base and the metal­
lic reflector to be a critical parameter as putting it very close to the feed would generate higher 
order modes transforming the microstrip feed into a stripline configuration. Normally the reflector 
is placed quarter o f a wavelength (A/4) away from the antenna base. Any electromagnetic energy 
coming towards the reflector would suffer a phase rotation o f 360° (180° to reflection and another
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180° for travelling from and back to the antenna base). Ideally the reflector should be infinite oth­
erwise it would behave as an extra source o f diffraction for the waves coming from the angles 
below horizon. Moreover a support structure would be required for the reflector plate to remain in 
place.
The use o f lossy absorbers is another way o f suppressing unwanted interference signals [42]. 
The main disadvantage o f the absorbers is that they would trap the electromagnetic energy and 
would dissipate it in the form of heat. Such an absorber being closer to an antenna would decrease 
the efficiency very much. Another point worth mentioning is that most o f the absorbers would also 
need a metal backing which is not very feasible if the feed network is at bottom of the antenna 
structure.
2.6.2 Corrugated surfaces (choke ring ground plane)
Corrugated surfaces, also known as artificially soft and hard surfaces in electromagnetics, are sub­
stantially used to suppress surface waves excited in the microstrip antennas. Corrugated surfaces 
are made by cutting slots in a solid metal block running as parallel plate transmission lines. Two 
types o f corrugated surfaces, transverse and longitudinal, can be made depending upon the applica­
tion. Transverse corrugated surface also called as artificially soft surface [43] is shown in figure 
2.21. Corrugation depth is usually X/4 for cut off operation while the slot width is very small com­
pared to one wavelength. Another interesting property o f corrugated surface is its high surface 
impedance. This high impedance is due to the quarter wavelength deep corrugation which trans­
forms the short circuit boundary condition at the bottom o f the corrugation to an open circuit at the 
top o f the surface.
A/4
Figure 2.21: Corrugated surface [34]
Corrugated surfaces are widely used as ground planes to enhance the antenna performance. 
Such ground planes are called choke ring ground planes. Their design is similar to corrugated horns 
where metal corrugations are used to reduce the spill over beyond a desired flare angle. Choke ring 
ground planes; help to sharpen the gain slope of antenna radiation pattern, decrease side and back 
lobe levels thereby improving cross polarisation performance and stabilize the antenna phase cen-
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tre. Choke ring ground planes also help in suppressing surface wave excitation when used with mi­
crostrip patch antennas due to their geometry and high surface impedance.
Figure 2.22: Corrugated horn and choke ring ground planes [20] [44]
The operation of the choke ring ground plane can be understood from the following discussion. 
Figure 2.23 shows a microstrip patch antenna is mounted on the top o f a choke ring ground plane 
with direct line of sight (LOS) and reflected signals coming towards the antenna from its vicinity.
Line of sight
primary waves
secondary
waves
reflected waves
Figure 2.23: Field waves in a choke ring [45]
The choke ring ground plane has no effect on the direct signals while the reflected signals com­
ing from the bottom and sides o f the antenna are suppressed by the ground plane. The 
electromagnetic field o f the reflected signal in the vicinity o f the choke ring ground plane can be 
viewed as sum o f two field waves. One is a field wave that surrounds the ground plane along an 
imaginary conductive surface ‘S’ which is attached to the top edges of grooves and continues to the 
back side o f the ground plane. This reflected wave is the same as in the case o f a flat ground plane 
and is mentioned as the primary wave in the figure 2.23. The second reflected wave, called as sec­
ondary wave, is created by the electromagnetic field o f the corrugations. Secondary waves can also 
be split into two parts, one which is travelling from the top o f corrugation towards the bottom and 
another which is travelling back from the bottom towards the top after reflection. The earlier part is 
due to the primary waves entering the corrugation and the latter is due to the reflection o f these 
ways from a short circuit boundary condition. The corrugation depth being quarter wave length, 
changes the phase o f secondary wave by 180° as they traverse twice along the corrugation (going 
in and coming out). Primary and secondary reflected signals being out o f phase try to cancel each
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other leaving a dominant LOS signal and thereby reducing the multipath interference. For a given 
choke ring ground plane the complete suppression of multipath only occurs for certain elevation 
angles and for others the multipath is partially suppressed [45]. The maximum suppression usually 
occurs for the angles close to zenith and minimal suppression at angles close to horizon.
T E to z  L % ^ ,  
TM to z I
TE to z I
TM to z I ^
k
flat surface
corrugated surface
Figure 2.24: EM boundary conditions on a corrugated surface [26]
As discussed earlier, choke ring ground planes also help in surface wave suppression along with 
pattern sharpening and phase centre stability. Corrugated surfaces do not allow the propagation of 
any plane wave coming towards it with a propagation vector perpendicular to the corrugations. 
This property is demonstrated in figure 2.24 which shows a metal surface and a corrugated surface 
lying in the xy  plane. Two components o f plane surface waves TEz (nominated as type 1) and TMz 
(nominated as type 2) are considered showing the orientation o f electric and magnetic field vectors. 
It can be seen that in case of an ordinary metal reflector, waves o f type 1 are shorted at reaching the 
reflector following the boundary condition o f Et = 0 but waves o f type 2 travel along it. On the oth­
er hand, both of these waves are shorted for a corrugated surface. Type 1 waves are cancelled 
following the same boundary condition of Et = 0 while the type 2 are cancelled following the 
boundary condition o f Et = 0 for cavity resonator.
2.6.3 Electromagnetic Band Gap (EBG) substrate
Electromagnetic band gap (EBG) substrate is a fairly new technique for surface wave suppres­
sion and has been recently used in GNSS antennae for multipath interference mitigation [46]. EBG 
surfaces are made by periodic structures producing very high surface impedance within a specified 
frequency band called the band gap. The surface behaves as a perfect magnetic conductor within 
the band gap and reflects the incident waves with zero phase reversal. The high impedance property
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of EBG is usually exploited for surface or lateral wave suppression while the AMC property is used 
for putting an antenna very close to the ground plane thereby producing compact antenna designs 
[47]. Both o f these characteristics of EBG have their own applications but can also be used together 
for certain applications. In this section electromagnetic band gap substrate will also be referred to 
high impedance surface. An EBG substrate can be characterised by two properties, the substrate 
material used and the design o f EBG cell. Both o f these properties determine the behaviour of the 
EBG substrate. Different EBG cell designs give different surface impedance and also determine the 
overall size of EBG substrate. A common EBG substrate design known as mushroom cell has a 
very similar properties as to that of corrugated metal surface. It blocks the propagation o f surface 
waves by introducing a high impedance region around the antenna. The high impedance is achieved 
by the two dimensional distributed resonant circuit where capacitance is produced by the proximity 
coupling o f periodic patch elements (mushroom hats in the mushroom unit cell) and the desired 
inductance is achieved by making loops o f currents using VIA stems. A typical high impedance / 
EBG surface is presented in the following figure 2.25. The cross section o f the EBG substrate in 
figure 2.26 can be seen as a periodic resonant circuit where spacing between the etched areas is 
providing capacitance and the current loop is providing inductance. Therefore a high impedance 
surface is created where each unit cell represents a combination o f a parallel EC resonant circuit. 
The impedance of parallel resonant circuit is given by equation (2.1) and is quite similar to the tan­
gent function that describes the impedance o f corrugated surface.
jcoL
\ - o / L C
(2.1)
pL
Figure 2.25: Mushroom type EBG substrate [46]
At resonance, the impedance is very high and the surface currents radiate very efficiently there­
by suppressing both kinds o f surface waves. In this region, the EBG surface also has a zero degree 
reflection phase. This property of EBG substrate provides the efficiency and performance o f the
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choke ring while reducing the overall thickness to a small fraction o f wavelength.
Etched -Aiea
Clin ent loop
• \XAjî
Figure 2.26: Cross sectional view of the Mushroom EBG [34]
Mushroom Spiral (alternating) Winding cross
Honeycomb Imbricated spiral Imbricated winding 
cross
Figure 2.27: Different EBG unit cells [46]
Figure 2.27 shows different geometries for EBG unit cells. These geometries provide different 
impedance values and thus different band gap region o f frequency or alternatively selection o f dif­
ferent geometries produce different unit cell size for a given frequency of interest. A few more 
variations o f EBG unit cells are presented in [47] [48] [49].
2.6.3.1 Frequency and Bandwidth o f operation
Surface impedance o f the EBG substrate is formulated using an effective medium model [34] 
where the surface impedance o f an EBG substrate is equal to the impedance of an effective parallel 
EC circuit. According to effective medium model, properties o f high impedance surface can be de­
scribed in terms of capacitance and inductance o f the sheet which are determined using following 
design equations.
C  =
w ( £ , + £ 2 )
7 t
cosh ' —
U .
(2.2)
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where C is the fringing capacitance, e\ and £2 are the dielectric constants o f substrate board and 
surrounding space, a is the centre to centre spacing o f adjacent periodic patches and g  is the gap 
between two adjacent patch elements. Theses parameters are explained for a hexagonal geometry in 
figure 2,28.
w
a
u
Figure 2.28: Illustration of EBG design parameters [34]
Capacitance of 0.1 to 1 pF can be achieved by using standard material with dielectric constants 
ranging from 2 to 10 and a gap o f 100 to 200 microns [34]. Higher capacitance values can also be 
achieved if capacitive loading is used where a similar pattern would be overlaid on the periodic 
structure separated by an insulating material. Fringing capacitance will be dominated by the paral­
lel plate capacitance for such a structure which can be determined by using the following design 
equation
C  =
s A
(2.3)
where e and d  are permittivity and thickness o f insulating material and A  is the overlapping area. 
Above equations give capacitance values for individual capacitors. Since these capacitors are 
spread periodically over the entire surface, sheet capacitance is to be determined instead o f the in­
dividual capacitance which simply would be the multiplication of individual capacitance and a 
geometrical factor ‘F’’. This factor is equal to the ratio o f length to width for each individual capaci­
tor.
r =r  ^Fsheet individual (2.4)
According to experimental data presented in [34] correction factor o f 1 is used for square 
shaped structure and thus sheet capacitance is equal to individual capacitance. Sheet inductance 
only depends on the overall thickness of the surface and is determined by the following.
A  — (2.5)
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where // is the permeability o f the substrate material and t is the thickness
Once sheet capacitance and inductance is determined, resonant frequency and bandwidth can be 
determined easily by using following equations (2.6) and (2.7). The equations also suggest that the 
frequency o f operation and the resonant bandwidth can be easily altered by changing the capaci­
tance or the inductance o f the EBG surface. The capacitance can be varied by changing the gap 
between adjacent patches while the inductance can be tuned by changing thickness o f the board. 
The capacitive loading can also be used to achieve higher capacitance values or reduce the resonant 
frequency for a given board size.
^  = (2.7)
V Ao
fa is the resonant frequency o f operation where structure will behave as an artificial magnetic 
conductor (AMC) or a perfect magnetic conductor (PMC). At this frequency no surface waves are 
excited and incoming waves are reflected with zero reflection phase. The bandwidth in the above 
equation corresponds roughly to the width o f the band gap or the frequency range within which 
reflection phase varies from +7t/2 to -te/2.
2.7 Multiband antenna array for GNSS
Apart from the precise orbit determination, spaceborne GNSS antennae can also be used for remote 
sensing applications. However, the two antenna types are different in their design requirements. 
Table 2-4 presents the requirements comparison o f a POD and a reflectometry antenna. The only 
common requirement between the two antenna designs is the frequency o f operation. Since the re- 
flectometiy needs to pick up very weak reflected signals, a high gain narrow beam array antenna is 
usually used.
Apart from offering high gain, an antenna array can also achieve beam switching and / or scan­
ning capability by changing the relative phase difference between individual elements. Moreover, 
enabling the antenna array to operate at two or more frequency bands simultaneously has numerous 
benefits; the antenna can be used for more than one application at the same time, signal to noise 
ratio (S/N) can be improved through frequency diversity, measurement accuracy can be improved 
through differential measurements and system (effective) bandwidth can be increased by receiving 
the signal at more than one frequency. Therefore combining the benefits o f multiple frequency op­
eration along with switched beam capability can result in a very attractive antenna for small 
satellites.
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Pointing direction Specifications Purpose
Zenith Frequency: L I, L2c 
Gain: 3 ~ 6 dBi 
Polarization: RHCP 
Dimensions: 150 x 150 x 20 mm 
Mass: 200 g
Normal GNSS Operation 
LI & L2c measurement for 
POD
Nadir Frequency: L I, L2c 
Gain: +12 dBi (LI), 10-12 dBi (L2) 
Pointing: 10° off the Nadir 
Polarisation: LHCP 
Dimensions: 300 x 300 x  60 mm 
Mass: 1 kg
LI & L2c Reflectometry
Table 2-4: Requirement comparison o f a POD and reflectometry antenna for GNSS
The following presents a review o f different antenna arrays that have been either used success­
fully for scientific missions.
2.7.1 Remote sensing antenna arrays
GNSS remote sensing applications like ocean reflectometry use the L-band navigation signals 
already being transmitted by GPS (Global Positioning System), GLONASS (Global Navigation 
Satellite System) and Galileo systems for estimating the wind speed and direction o f ocean currents 
[50][51]. The high gain antenna array onboard the satellite picks up GNSS signals reflected by the 
ocean surface and processes them for the corresponding measurements. The antenna beam is usual­
ly directed away from the Nadir direction in order to increase the visibility o f the reflected signals. 
Moreover, the availability o f the L2 GNSS signal for civilian use (L2C) has allowed data collection 
at more than one frequency, which helps to improve accuracy and determine the ionospheric effects 
through differential measurements. For GNSS reflectometry using small satellites, it is necessary to 
have a circularly polarized array antenna which can have a high gain, dual band capability and 
electronic beam steering capability at low cost and low power consumption.
GPS radio occultation measurement helps in atmospheric and ionospheric research, improve­
ment o f numerical weather forecasts, space weather monitoring and climate change detection [30]. 
Measurements are based on the phase estimation o f GPS signals at a receiver orbiting in low-earth 
orbit. If  the precise position and velocity o f the satellite are known at the receiver, the phase path 
increase due to atmosphere in the presence o f occultation event can be derived. The following pre­
sents a few satellite missions with onboard antenna arrays for GNSS remote sensing.
2.7.1.1 Time shifted Orthometric GNSS Array (TOGA)
TOGA (Time-shifted Orthometric GNSS Array) is an instrument made by JPL (NASA) for various 
geo scientific activities that can be demonstrated using GNSS. A high gain multiple beam antenna 
array onboard TOGA produced an electronically steerable beam and receiver was capable o f pro­
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cessing signals from both GPS and Galileo. Strong GPS signals from reference antennas are re­
ceived using a low gain upward looking (Zenith) antenna while weak reflected signals are received 
using high gain steerable beam downward (Nadir) antenna array. Although a high gain Nadir an­
tenna is required to pick up low amplitude reflected signals, increasing the antenna gain sharpens 
the beam width. Therefore a steerable antenna is required to track the changing angle between the 
Nadir antenna and point of reflection. TOGA is designed to accommodate 16 to 64 antenna ele­
ments which can be phased and combined to produce high gain over a wide angle (-120 degrees). 
This provides about 8-10 dBic o f gain over the receive frequency range for GPS & Galileo MHz 
[52]. To provide simultaneous steering o f multiple beams in a phased array antenna is a difficult 
task and is achieved using an input mechanism that switches in and out elements. A multi-feed 
network then assigns a feed to phase each array element and continuously steer multiple beams 
[52].
2.7.1.2 UK-DMC (Disaster Monitoring Constellation)
UK-DMC satellite manufactured by SSTL is another instrument that uses GNSS reflectometry sig­
nals for oceanography and orbital measurements. UK-DMC uses three GNSS antennas, two 
pointing in the Zenith direction and one towards the Nadir. All the antennas are tuned for receiving 
the LI band (1.575 GHz) GPS signal. The Nadir pointing antenna has a gain of 12 dBic and is 
LHCP. The high gain is achieved by using three element patch array where each element consists of 
a two layered (active and parasitic) stacked patch.
Figure 2.29: Nadir pointing antenna onboard UK-DMC [53]
2.7.1.3 GRAS
GRAS (GNSS radio occultation Receiver for Atmospheric Sounding) instrument is the part o f pay­
load for Metop satellites (part o f ESA Eumetsat polar systems). GRAS receives signals from 
reference GPD satellites through two antennas namely GRAS Velocity Antenna (GVA) and GRAS 
Anti-Velocity Antenna (GAVA). Two antennas are mounted on satellite in order to measure the ris­
ing and setting occultation events. Both antennas are similar in structure and operate at both the L 1
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and the L2 frequencies. GVA measures occultation for any rising GPS satellite while GAVA 
measures any setting event. Antennas had to have high gain, amplitude and phase stability and low 
multipath interference. High gain was achieved using an array antenna. Each element consisted of 
concentric rings for the purpose o f achieving dual frequency. Each element (pair o f concentric 
rings) was mounted in a cup in order to reduce mutual coupling and mitigate multipath interfer­
ence. “A required large gain and phase stability during orbiting is enabled by using carbon fibre 
material in the antenna frame and by using thermally insulating films. The ring elements are slot 
fed and an optimal performance for both bands is obtained by using separate feed networks for the 
bands. The feed networks are supported by a dielectric honeycomb sandwich iso-statically mounted 
to the antenna frame” [54].
Figure 2.30: GZA (top) and GVA antennae on Metop [54]
Apart from GVA and GAVA, GRAS used another antenna GZA of the same structure for precise 
orbit determination. GZA is low gain as compared to GVA and GAVA but has a hemispherical pat­
tern pointing towards the Zenith. Figure 2.30 shows GVA and GZA antenna array while figure 2.31 
shows the Metop satellite with locations o f GNSS antennas mounted on it.
Figure 2.31: Metop satellite [54]
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2.8 Summary
A common multipath scenario in spaceborne GNSS and its mitigation techniques have been pre­
sented. Despite o f the emergence o f new technologies for the multipath interference mitigation, the 
choke ring ground plane has remained the most popular and the most readily used. The disad­
vantage o f using a choke ring ground plane is that it increases the overall mass o f the antenna and 
requires larger accommodation area. Section 4.5 presents the design o f a novel multipath mitigating 
ground plane that requires very little accommodation area but achieves choke ring like perfor­
mance.
The above presented missions show that array antennae are important in GNSS. The size and 
the no. o f elements in the array is dependent upon the antenna gain and beam pattern. Although all 
the antennae elements presented in sections 2.2.1 to 2.2.14 can be used in an array configuration, 
their individual performance will dictate the overall performance o f the antenna array. Another im­
portant factor to be considered in the design o f the array antenna is the beam pointing direction. 
Since the reflectometry antenna needs to pick up signals reflected from the surface o f the ocean or 
the earth, it is a usual practice to point the beam off the Nadir direction where the maximum degree 
o f offset is dependent upon the overall antenna design. Chapter 5 presents the design and prototype 
development o f a dual frequency switched beam array antenna. The antenna array achieves a step 
coverage o f ±25° with minimum antenna gain to be greater than 10 dBic.
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3 NOVEL DUAL BAND GNSS ANTENNA
This chapter presents the design o f a novel dual band step shorted annular ring (S-SAR) antenna for 
precise orbit determination application in GNSS. A GNSS antenna for precise orbit determination 
requires hemispherical coverage with wide axial ratio beam width. Propagation of surface waves is 
very common in a microstrip antenna. As mentioned in section 2.4.1 these surface waves travel 
laterally in the substrate and tend to radiate outwards on reaching the antenna edge. This makes the 
edges o f the antenna to behave as virtual isotropic radiators interfering with the principle pattern 
and thereby increasing the side and back lobe levels. This chapter presents the design o f a low pro­
file dual band microstrip antenna with reduced surface wave (RSW) capability. The design o f a 
RSW antenna ensures minimum propagation o f surface and lateral waves thereby providing rela­
tively sharp gain slope and low levels o f side and back lobes.
3.1 Concept of reduced surface wave antenna
Reduced Surface Wave (RSW) antennas are designed specifically to reduce the surface waves and 
the lateral radiation (the space wave that propagates horizontally along the air-substrate interface) 
produced by microstrip patch antennas. Surface wave reduction in antennas is accomplished on the 
principle that a magnetic ring in a substrate would not launch surface waves provided the radius of 
the ring is o f a specific critical value [35]. However, the patch with the radius equal to the critical 
value may not resonate at the desired frequency so the standard circular patch design must be modi­
fied to change the resonant frequency while keeping the radius o f the patch constant so that it may 
not excite surface wave modes.
3.1.1 Analysis and Design Equations
The cavity model for the analysis of microstrip patch antenna indicates that a microstrip patch can 
be considered as the loaded cavity with a magnetic boundary condition along its periphery.
.V
Figure 3.1: Cavity model for microstrip antenna [20]
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A microstrip patch antenna can be realized as the ring o f magnetic current following the cavity 
model. According to cavity model, shown in figure 3.1, the magnetic field at the radiating aperture 
is zero, as is the current on the top surface o f the patch. Assuming uniform probe current, the mag­
netic current at the edge o f the patch for dominant mode TMno can be given as following
M ^((p) = (pœ s(p  (3.1)
Radiation from this magnetic ring can be estimated by superimposing the radiation obtained 
from single loops o f magnetic current K{(p) = coscp at a variable height o f zo from the surface o f the 
ground plane. This current model is only an approximation as it assumes patch aperture to be per­
fect magnetic conductor, does not includes the effects o f fringing electric fields and does not 
consider higher order modes but gives accurate results for very thin substrates.
Consider a Hertzian dipole o f magnetic current oriented in x direction, at height zo above the 
ground plane. This infinitesimal dipole would excite TMo surface waves in the substrate with a 
general form for a particular component ^  [35].
y/ = A{z,z^)  i / f  ^ P)  sin 9  (3.2)
where p i s  the propagation constant o f the TMo surface wave and must be determined nu­
merically [35]. The overall effect o f these waves due to the presence o f a single current loop can be 
evaluated by integrating the equation (3.2) over the entire range o f (p assuming that the observation 
point is far away from the ring. Using the derivations presented in appendix B, equation (3.3) is 
obtained
W = [Ptm»)  (3.3)
where B{z) is the amplitude function for all the magnetic rings together and can be represented 
as equation (3.4).
h
j5 ( z) = p(z,Zo)fifzo (3.4)
0
Equation (3.3) is the fundamental design equation which states that a ring o f magnetic current will 
not excite the TMo surface waves, provided the radius is chosen to satisfy
(3-5)
which yields
= 1-8412 ,5 .3314 ,... (3.6)
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The value o f =  1.841is chosen to have smallest possible ring radius. This value corresponds
to the smallest possible radius for circular patch having no surface wave field with a necessary 
condition o f thin substrates. Thin substrate would also help in reducing the lateral component o f the 
radiating wave as according to [35] for thin substrates and the same condition speci­
fied in equation (3.5) can be applied.
The antenna having the radius o f equation (3.5) will not excite surface waves, will have reduced 
levels o f lateral space waves but will not resonate at the specific defined frequency.
Radius o f the microstrip patch to be resonant at the frequency o f zero surface wave propagation 
can be calculated using following equation o f the cavity model.
(3.7)
where k\ is the substrate wave number. Dividing equation (3.6) (for « = 1) by (3.7) we get
• ^ ^  = 1 (3.8)
K
The equation (3.8) cannot be satisfied as k\ would always be greater than . Therefore, equa­
tion (3.8) implies that the radius selected for the elimination o f TMo surface waves (critical radius) 
will always be greater than the resonant radius o f a normal resonant patch. One o f the techniques 
which allow the microstrip antenna to achieve the desired resonant frequency along with surface 
wave suppression is called the shorted annular ring.
3.1.2 Shorted Annular Ring Patch
A shorted annular ring patch achieves the desired resonant frequency by making a short circuit 
boundary at a radius p = c where c < a. Due to this short circuited boundary the inner part o f the 
patch is no longer useful and can be removed thereby generating a shorted annular configuration. 
For calculating the radius o f the short circuit boundary, a perfect magnetic conductor (PMC) 
boundary condition is assumed, and the field for c < p < a \s  taken as
E^= cos(p \_J^(k^p) + A Y ^(k^ p ) \  (3.9)
Enforcing the boundary conditions at /?= c and p= a results in the equation
J i ( V )  J\ {p)  
Y,{k,c)
(3.10)
with
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P = ^  (3.11)
P tm
Equation (3.11) is a transcendental equation for determining c and can be solved iteratively for 
the appropriate value o f c </?.
3.1.3 Dual band operation
As explained above, the external radius o f the shorted ring element controls the antenna directivity 
and is selected to satisfy the condition o f zero lateral and surface wave propagation [35]. The inner 
boundary, on the other hand needs to be shorted to the ground and its value determines the antenna 
resonant frequency. In order to design a dual frequency shorted annular ring antenna, equation
(3.10) needs to be solved twice (once for each frequency). Four parameters cli, />li, c i2 andpi2  are 
calculated to achieve dual frequency operation. Therefore, two different values o f inner ring diame­
ter should be used for the stacked elements to achieve dual band operation. This leads to a problem 
as the stacked elements need to be shorted to the ground together. The dual band SSAEP configura­
tion presented in section 2.2.6 has solved this problem by introducing an air gap between the 
stacked elements. The air gap allows increasing the inner diameter o f the top ring and thus two 
rings with same inner diameter but different resonant frequencies can be realized. A common short­
ening ring then connects both elements to the ground simultaneously.
3.1.4 Effect o f air gap
Introduction o f the air gap between two stacked elements has two advantages: firstly, it increases 
the resonant bandwidth at the LI band and secondly it has reported to improve the impedance 
matching at the same frequency. However, the air gap requires a long VIA connection between the 
ground plane and the patch thereby increasing the associated inductance. In order to compensate 
the inductance, an impedance matching feed network is used at the bottom o f the ground plane.
Another disadvantage o f this technique is the sensitivity o f the resonant frequency to air gap 
variations. The simulation results presented in figure 3.2 demonstrating the effects o f the air gap 
variations reflect this aspect and shows that even a small variation o f 0.4 mm shifts the resonant 
frequency to 1.6 GHz making the return loss at the LI (1.575 GHz) carrier frequency less than 10 
dB. The patch antenna being narrow band in nature may be unable to compensate for this frequency 
shift. The air gap variation can definitely be handled by careful manufacturing however it may not 
always be possible to eliminate variations as small as 0.4 mm considering the antenna manufactur­
ing in a normal lab environment. It is also critical to note that the required air gap distance will 
change with different substrate permittivity and thicknesses and may also result in an impractical 
value.
Another limitation associated with the air gap, in the case o f space home antenna, is material
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outgassing which is the release o f the trapped, frozen or absorbed gasses in some materials [55]. 
The material outgassing can de-tune the antenna resonant frequency due to bulging or deformation 
o f the material. Although outgassing can be avoided by using space qualified substrate materials, a 
support structure (with very low outgassing) is still required to maintain the constant air gap.
 No variation
■ ■ ■ ■ 0.2 mm variation 
 0.4 mm variation
-10
-15m
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Figure 3.2: Reflection coefficient of the SSAEP antenna with air gap variation 
3.2 Dual band step shorted annular ring (S-SAR) antenna
The design of a novel dual band antenna is presented in the following. The proposed dual band an­
tenna design is simple in construction, easy to reproduce and offers increased design flexibility.
3.2.1 Antenna Configuration
The dual band circularly polarized step shorted annular ring (S-SAR) antenna is designed using 
the reduced surface wave (RSW) concept. The antenna structure consists o f two stacked circular 
ring elements with top and bottom rings resonating at LI (1.575 GHz) and L2 (1.227 GHz) bands 
respectively. External and internal radii of both rings have been evaluated using equations (3.6) and
(3.10). Both stacked elements share a common ground plane that lies beneath the bottom ring with 
a shortening wall connecting inner boundaries o f the two rings to the ground plane. A broadband 
microstrip feed network lies at the back o f the ground plane making overall antenna structure com­
pact and efficient by removing cable and connector losses. The resulting antenna structure is 
presented in figure 3.3. Duroid 5880 (gr =2.2, h = 1.575 mm) is used for the fabrication o f the short­
ed ring elements while FR4 (gr =4.55, A = 1.6 mm) is used for fabricating the feed network. The 
feed network is connected to the top antenna (LI band) using through via connection which passes 
through clearing holes in the ground plane and the bottom patch. The bottom patch (L2 band) is 
electromagnetically coupled. The overall antenna dimensions are 150 x 150 mm^.
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Figure 3.3: (a) Top (b) side and (c) bottom view of the novel S-SAR antenna
3.2.2 Principle of operation
The operating principle of the antenna is simple to explain; resonant frequency o f antenna elements 
can be tuned by changing the radius of shortening ring while the external radius tunes the antenna 
radiation pattern. The values o f the external and internal radii were evaluated using equations
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(3.10) and (3.11) but were tuned empirically for optimum cross polarization performance using the 
parametric sweep analysis available in the full wave simulation tool CST [56].
In contrast to the design presented in section 2.2.7, the novel S-SAR configuration does not use 
an air gap between the stacked elements. On the other hand, the proposed S-SAR antenna takes a 
completely different approach and uses a step-short ring to implement the connection. Firstly, the 
inner ring o f the bottom element is connected to the ground. This connection extends the ground 
plane to the body o f the bottom ring. The inner ring o f the top element is then connected directly to 
the bottom ring body. The stacked elements are now connected to the ground plane keeping their 
original dimensions and without needing the air gap. Removing the air gap improves antenna de­
sign flexibility and makes the overall antenna structure more compact and robust. Circular 
polarization is achieved by using a compact branch line hybrid coupler integrated with the antenna.
3.2.3 Compact broadband feed network
A broadband feed network, such as presented in [57] providing a resonance bandwidth o f 800 MHz 
(at 1.4 GHz) is integrated with the antenna. The feed network is broadband but is twice the size o f  a 
conventional branch-line coupler. In order to keep the overall antenna size small, lumped distribut­
ed equivalent transformation was applied. This technique is presented in [57] and provides about 
50% reduction in size. Meandering o f transmission lines has also been proposed in [58] for size 
reduction. A SMA connector is used at the feed port while the isolation port is terminated using a 
51 (closest available value) surface mount resistor. The compact structure formed by integrating 
the antenna and the feed network increases antenna efficiency by removing cable and connector 
losses.
3.3 Advantages of proposed configuration
Apart from a low profile and compact structure, the proposed configuration in figure 3.3 has the 
following advantages;
3.3.1 Axial ratio bandwidth
In order to achieve the desired axial ratio performance, the novel antenna configuration uses a 
broadband hybrid feed network providing a 3dB power split and 90° phase difference from 1.2 to 
1.6 GHz. In addition to that, circular annular rings ensure that the axial ratio is not dependent upon 
the antenna geometry. The presented configuration achieves the axial ratio less than 3 dB for 100 
MHz bandwidth at both bands.
3.3.2 Easy Manufacturing
The proposed S-SAR antenna is easier to reproduce and fabricate compared to existing configura­
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tions (e.g. SSAEP) as the circular annular ring design requires fewer parameters to be calculated. 
Moreover, annular rings can be cut out using a simple drill while the elliptical ring needs to be pre­
cisely machined.
3.3.3 Independent tuning
As already discussed, the proposed antenna design introduces a new technique in order to achieve 
dual band operation where instead o f using a common shortening ring, a step-short ring is used. 
This technique improves antenna design flexibility and allows independent tuning o f the resonant 
elements. Since the inner boundaries o f the resonant elements are not connected, both o f them can 
be individually changed to tune the resonant frequencies. In the case o f the previously reported 
common shortening ring configuration, this is very difficult as any change in the inner ring dimen­
sions to either tune LI or L2 will affect both the resonant frequencies and would need to be 
compensated by varying the air gap. On the other hand, tuning the resonant frequency by changing 
the external ring dimension will disturb the antenna performance towards the horizon.
3.3.4 Removal of air gap
Another advantage o f the proposed step short ring technique is the removal o f the air gap between 
the resonant elements. Usually, the air gap between stacked elements ensures that both the resonat­
ing elements have same inner radius so that they can be shorted to the ground with a single inner 
ring. Although an improvement in impedance matching has been reported with the use o f  the air 
gap, yet the antenna requires a matching network to nullify the inductive reactance produced by 
long length o f feed probe [16].
3.3.5 Extension to tri-band operation
The most significant advantage o f the step-short technique is that it can be easily extended to 
develop a step shorted tri-band annular ring antenna. Adding another resonating element to the pro­
posed dual band antenna configuration produces a tri-band step-shorted annular ring antenna. The 
proposed tri-band antenna consists o f three annular ring elements stacked together with the bottom 
element resonating at L5 (1.175 GHz), the middle element at L2 (1.227 GHz) and the top element 
at LI (1.575 GHz). Similar to before a step-short ring is created in order to achieve successful tri­
band operation. The antenna configuration is presented in figure 3.4 showing the top and the side 
view. Similar to dual band configuration, the tri-band antenna is also integrated with the broadband 
feed network (not shown in figure 3.4) in order to achieve wider axial ratio bandwidth. Figure 3.5 
gives the simulated return loss. Due to the independent tuning capability o f the proposed technique 
the presented tri-band antenna design can also be re-designed as a GPS-Galileo antenna where the 
middle patch size is selected to operate at 1.278 GHz. Although antenna designs for tri-band appli­
cations in GNSS have already been presented in the literatures [59][60][61], the advantage of
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above is design is reduced surface wave capability.
Cut plane for 
s id e  v iew
52.8 i
(a)
1 steo-short i
1 , 1 boundary " .................... ' 1■ . r ........ .... i
L1 p a tch  
L2 p a tch  
L5 p a tch  
GND
Feed  netw ork
(b)
Figure 3.4: (a) Top and (b) side view of the tri-band  S-SAR antenna
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Figure 3.5: Sim ulated sn  curve for the tri-band  S-SAR antenna
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Figure 3.5 gives the simulated return loss while figure 3.6 shows the simulated radiation pattern. 
Due to the independent tuning capability o f the proposed technique the presented tri-band antenna 
design can also be re-designed as a GPS-Galileo antenna where the middle patch size is selected to 
operate at 1.278 GHz. Although antenna designs for tri-band applications in GNSS have already 
been presented in the literatures [59][60][61], the tri-band S-SAR will have reduced surface wave 
along with other added advantages presented in sections 3.3.1 to 3.3.4.
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Figure 3.6: Simulated radiation pattern of the tri-band S-SAR antenna
3.4 Antenna Configuration and Measurement Results
The proposed dual band step-shorted annular ring antenna was manufactured and tested. The 
annular ring elements were fabricated using RT / Duroid 5880 substrate (Sr = 2.2; h = 1.575mm) 
while the feed network was fabricated using FR4 (Cr = 4.55; h = 1.6 mm). The annular rings were 
drilled out to a closest diameter while the residual substrate was removed using a paper knife. In 
order to create a step-short boundary with no air gap between the layers, a metallic ring was first 
soldered between the resonating element and the ground plane o f the bottom patch. Clamps were 
used to hold the two patches together while another shortening ring was used to connect the reso­
nating top patch element to the extended ground plane provided by the bottom patch. Nylon screws 
were used to align the antenna elements. Simulated and measured results for the antenna return loss 
and gain patterns at 1.227 GHz and 1.575 GHz are presented in figures 3.7, 3.9 and 3.10 showing 
close agreement. It can be seen from figure 3.6 that the measured return loss remains greater than 
10 dB for 20 MHz at L2 and 30 MHz at L I. The maximum boresight gain o f 6 dBic is achieved at 
L2 while maximum boresight gain of 7.9 dBic is achieved at LI. Table 3-1 shows the antenna gain 
and axial ratio performance against frequency. The antenna manufacturing process can be further 
improved by precise drilling and using bonding adhesive between the stacked elements. Figure 3.8
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Figure 3.7: Simulated and measured sn  curve for the dual band S-SAR antenna
Figure 3.8: Top view photograph of the dual band S-SAR antenna
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Frequency (GHz) Simulated gain 
(dBic)
Measured gain 
(dBic)
Measured Axial Ratio 
(dB)
1.217 5.8 6.0 2.5
1.227 6.6 5.4 2.9
1.24 5.6 4.9 2.8
1.557 8.1 6.7 2.8
1.575 8.3 7.9 2.8
1.595 7.2 7.7 2.7
Table 3-1: Antenna gain and axial ratio across LI and L2 bands
90-,
I
.i
I
1.501.25 1.30 1.35 1.40 1.45 1.55 1.601.20
Frequency (GHz)
Figure 3.11: Simulated radiation efficiency o f the dual band S-SAR antenna 
Figure 3.11 shows the simulated radiation efificiency o f the dual band S-SAR antenna. In addi-
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tion to the 511 response and the measured gain o f the antenna, calculating the radiation efficiency o f 
the antenna is important to in order to assess the ability o f the antenna to transform the incoming 
energy into the useful radiated power. A higher efficiency is usually desirable as there will less in­
coming energy lost in the antenna. Figure 3.11 shows the antenna efficiency to be 70% at 1.227 and 
80% at 1.575 GHz. The higher efficiency at 1.575 GHz can also be seen in resulting a higher gain 
value.
Apart from the antenna gain across the bandwidth, the performance o f the dual polarized anten­
na is also evaluated against the measured axial ratio. Theoretically, the axial ratio o f an antenna is 
the ratio o f the major and minor axes o f the polarization ellipse with the circularly polarized anten­
na being the special case where the ratio between both orthogonal components is unity.
There is no direct method to measure the axial ratio o f the circularly polarized antenna. Howev­
er, the orthogonal components o f ,E-field radiation patterns o f the antenna can be used to 
successfully to measure the magnitude o f the axial ratio. This can be achieved by using linear po­
larized (horizontal and vertical) antennae transmitting towards a circularly polarized receiver and 
measuring the difference (in dB) at boresight. Equation (3.12) can then be used to measure the axial 
ratio o f the antenna [20].
A R  = m o g , ^  (3.12)
4
3.5 Multipath mitigation performance
Comparing the dual band S-SAR performance against the general requirements o f a GNSS an­
tenna presented in Table 2-1 it can be seen that the antenna meets the given design requires at both 
the LI and the L2 bands. Figure 3.11 presents the simulation comparison o f the S-SAR antenna and 
a dual band stacked patch. It can be concluded from the figure that the dual band S-SAR antenna 
has superior performance in comparison to a traditional stacked patch. This performance margin 
can be attributed to the fact that the S-SAR antenna belongs to reduced surface wave (RSW) cate­
gory and therefore has better front to back ratio (FBR) and backward cross polarisation.
However, comparing the same performance against the multipath mitigating requirements pre­
sented in Table 2-3 it can be observed that the dual band S-SAR antenna does not meet the 
multipath mitigation requirements. Moreover, looking at the precise orbit determination antennas 
onboard Topex / Poseidon, Jason-1, Jason-2 and CHAMP it can be seen that the antenna is integrat­
ed with an external choke ring ground plane [30][31]. The ground plane integration has two 
advantages; firstly, it improves the multipath mitigating performance by suppressing surface waves 
and secondly, it isolates the antenna from the other satellite sub-systems nearby.
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3.6 Summary
A novel design for a dual band step-shorted annular ring (S-SAR) antenna has been presented. The 
proposed design has demonstrated numerous advantages such as compact size, independent tuning, 
and greater manufacturing tolerance and design flexibility. The antenna has overall dimensions o f 
150 X 150 X 5 mm3 and can also be extended to tri-band operation. Antenna simulation and meas­
urement results show the antenna’s suitability for multiband GNSS applications. The antenna 
performance can be further improved by choosing a more sophisticated manufacturing process. 
Moreover, the proposed tri-band antenna design shows the flexibility to operate as a GPS / Galileo 
antenna operating at L2 / E6 / LI bands. Although the S-SAR antenna is designed using RSW con­
cept and (ideally) should not excite any surface waves but the presence o f through via connection 
and the higher order modes will launch some amount o f surface and lateral waves in the antenna 
which may cause degradation in the antenna pattern and invite multipath interference.
Chapter 4 presents the integration o f the dual band S-SAR antenna with the choke ring ground 
plane in order to assess performance improvement. The chapter also presents some techniques to 
reduce the overall volume o f the ground plane.
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4 MULTIPATH MITIGATING GROUND PLANES
There are two possible techniques to resolve multipath interference in Global Navigation Satellite 
System (GNSS). Either the multipath error is resolved in the receiver using signal processing tech­
niques or alternatively it can be resolved at the antenna. It has been reported in the literature that 
the later can achieve a high level o f accuracy and is therefore more effective [62]. An efficient an­
tenna with multipath mitigation capability relaxes the receiver design and reduces its complexity as 
major amount o f interference is already resolved at the antenna and the rest can be resolved in the 
receiver. Shaping the antenna radiation pattern is a powerful technique for suppressing multipath 
signals passively. As discussed in chapter 2, the antenna radiation pattern can be improved by 
blocking the surface and lateral wave propagation. An external ground plane capable o f suppressing 
surface and lateral wave propagation can help in tuning the antenna radiation pattern to achieve low 
co-polar gain beyond the required antenna beam width. The ground plane integration also improves 
the antenna cross polarization in the side and back lobes and thus can ensure a significant reduction 
in the multipath interference. However, it should be kept in mind that external ground plane inte­
gration will increase the overall mass and size o f the antenna and may conflict with the design 
requirements. For GNSS antennas onboard small satellites or other small platforms, it is necessary 
to reduce the size, volume and mass o f multipath mitigating GNSS antennas. The following pre­
sents the simulation results o f a dual band circularly polarized GNSS antenna integrated with 
different multiband ground planes.
4.1 Flat ground plane
This technique assumes the antenna to be mounted on an infinite sheet o f  metal shielding it from 
any wave coming beneath it. It is ideal for a microstrip patch antenna to have an infinite ground 
plane. An infinite ground plane will result in zero side and back lobe levels. The ground plane will 
support the surface wave propagation but its infinite length will eventually make them decay there­
by eliminating any lateral spurious radiation. Despite o f all the advantages, it is not practical and 
therefore not possible. An alternative approach is to use the metallic structure o f the space craft as a 
local ground plane. The ground plane is not infinite but improves the performance to a certain de­
gree. However, the overall size o f the ground plane and the effects o f the nearby subsystems are 
important and still need to be considered. A turnstile bowtie antenna has been simulated in [26] 
with a large finite ground plane. The antenna results presented in [26] show that the effect o f  in­
creasing the ground plane size on the antenna performance is monotonie. The same has been 
reported in [63] where a boresight null starts appearing for a ground plane radius greater than 1.5A,.
In addition to the size o f the ground plane, its symmetry underneath the antenna is also im­
portant, so that the ground plane is able to provide enough shielding from all the sides.
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4.2 Choke ring ground plane
Choke ring ground plane is the most common ground plane configuration that has been used in 
GNSS surveying applications for multipath interference mitigation. GNSS reflectometry missions 
such as Jason-1, Jason-2 and CHAMP have used GNSS antermas mounted on a choke ring ground 
plane. Choke ring ground plane suppresses surface waves, provides sharp gain slope and very low 
cross polarisation levels improving the multipath performance. The basic design parameters o f the 
choke ring ground plane are its corrugation depth, corrugation spacing, tooth thickness and the 
number o f rings. Design equations for determining these parameters are described in [20] for cor­
rugated conical horn. The following steps explain the procedure for evaluation o f these parameters.
1. Specify design frequency, fo
2. Evaluate corrugation spacing (w) using the criterion w < V I 0
3. Find tooth thickness (t) using w /(w H ) = 0.5 to 0.9
4. Corrugation depth is kept constant d  = V 4
Operation o f the choke ring ground plane is based on the fact that the corrugation depth o f its 
metallic rims is quarter o f a wave length at the frequency o f operation. However [26] suggests the 
condition o f corrugation depth to be V 4  < d <  V 2  which means that choke ring ground plane can 
work for a wider frequency range even if  designed for the single frequency operation. In other 
words for fh  and /ù  being the upper and lower frequencies, the bandwidth o f operation for a choke 
ring ground plane can be defined as XJA < d  < 2u/2 [26]. Corrugation spacing criterion assumes 
that reflected waves from the base o f the slot only have TEM mode while the surface waves decay 
rate would be more rapid for higher values o f  w!{w+t). Corrugation depth is selected to be 61 mm 
(for 1.227 GHz). It is worth mentioning here that the most critical parameter for determining the 
thickness o f the choke ring ground plane is the corrugation depth and can be controlled if  the free 
space wavelength is changed. Another parameter that governs the ground plane performance is the 
number o f rings. Increasing the number o f rings improves the performance but the effect is very 
little. The performance becomes constant after significant suppression o f surface waves is 
achieved. Most o f the commercial choke ring designs use a 3 ring configuration for optimum per­
formance.
A square version o f dual band choke ring ground plane is simulated with the formerly presented 
dual frequency (L1/L2) S-SAR antenna and the performance improvement has been studied. For 
such a case the choke ring ground plane needs to be designed for the bigger wavelength (lower fre­
quency). The overall corrugation depth for the multiband choke ring ground plane is thus 61 mm 
(1/4 at 1.227 GHz). Antenna simulation layout and simulation results o f the dual band choke ring 
are presented in the figures 4.1 to 4.3.
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Figure 4.1: Dual band S-SAR antenna mounted on a ehoke ring ground plane
A square shaped choke ring ground plane integrated with S-SAR antenna is shown in figure 4.1. 
It can be seen that the ground plane has three equally 61 mm deep cavities. The width o f the cavity 
is 20 mm while each corrugation has a tooth thickness o f 2 mm. The overall antenna size is 332 x 
332 mm^. Although the shape o f the ground plane is square, it is referred to as a ring due to the 
popular nomenclature. Simulation comparison o f the dual band S-SAR antenna with and without 
the ground plane integration at the L2 and LI bands is shown in figures 4.2 and 4.3 respectively. It 
can be seen from the results that the ground plane integration improves both front to back ratio 
(FBR) and backward cross polarization by at least 5 dB. Antenna 3 dB beam width and the axial 
ratio performance do not change but an obvious improvement can be seen below the horizon.
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Figure 4.2: Performance comparison o f the S-SAR antenna with and without the choke ring
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Figure 4.3: Performance comparison o f the S-SAR antenna with and without the choke ring
at 1.575 GHz
4.3 Planar Choke Ring Ground Plane
Despite o f the outstanding performance o f the choke ring ground plane for multipath interference, 
its biggest disadvantage is the huge mass and large volume. The usual mass o f the choke ring 
ground plane (used for GNSS applications) with four ring configuration is about 4 kg [44], which 
may not be suitable for a small satellite. In addition to that, the choke ring ground plane is needed 
to be precisely machined out o f a solid metal block being be a complex and costly process itself 
thereby increasing the overall cost o f the antenna. In this section two simple yet novel techniques 
are presented, which can significantly reduce the mass and volume of the choke ring ground plane 
without the performance degradation.
4.3.1 Dielectric loaded choke ring ground plane
Dielectric loading is a simple technique that can reduce the length o f a line segment without 
changing its frequency o f operation. In microstrip line or antennae it is achieved by putting a high 
permittivity substrate very close to the antenna or the line segment. The reduction in the length is 
dependant up on the substrate permittivity and therefore is different for different substrates. Filling 
up o f the cavities with a high permittivity material can reduce the corrugation depth without chang­
ing the operating frequency effectively creating a dielectric loaded condition. The corrugation 
depth now becomes a function o f the guided wavelength {d = lg/4) and will always be less than the 
free space wavelength.
where
\ =  \  I
This relation suggests that the corrugation depth would be reduced as a square root o f relative
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permittivity o f the dielectric. Higher the dielectric constant of filling substrate, smaller is the corru­
gation depth. Figure 4.4 shows the layout o f the choke ring ground plane with dielectric loading. 
The substrate material used for this purpose is RT/Duroid 3010 from Roger Corp. (sr = 10.2).
Figure 4.4: Dielectric loaded choke ring ground plane
It can be seen that the corrugation depth has been significantly reduced by filling the corrugations 
with a high dielectric constant substrate material. However, the overall ground plane size remains 
332 X 332 mm^. Such a filling mechanism can be achieved by cutting out the strips o f the substrate 
material and stacking them together in the corrugations.
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Figures 4.5 and 4.6 compare the simulation results o f a conventional and dielectric loaded choke 
ring ground plane. Close agreement between the two configurations can be observed in the figures. 
A corrugation depth o f 24 mm has been found to achieve the best results. Any smaller value than 
the selected degrades the antenna performance. Corrugation depth reduction o f 60.6 % is achieved.
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Figure 4.6: Simulation comparison o f normal and dielectric loaded choke ring at 1.575 GHz
4.3.2 Dual band choke ring with dielectric loaded walls
Despite the dielectric loading o f the choke ring reduces the corrugation depth, it may not decrease 
the cost o f the choke ring ground plane much. In the case o f a normal choke ring ground plane, ma­
jo r cost factors would be the cost o f the metal block along with its machining while for dielectric 
loaded choke ring the major cost factor is the stacked layers o f high dielectric substrate material. 
Another configuration that requires less amount o f high permittivity material is presented in figure 
4.7. This technique does not fill up the entire corrugation with the high permittivity material but 
only sticks it to the walls o f the corrugated cavities. Since the reduction is required only for the cor­
rugation length and not the corrugation spacing, filling up the entire corrugation is found to be un­
necessary.
However, the thickness o f the high permittivity material is very important. The ground plane 
configuration used in figure 4.7 uses 6.35 mm thick layer o f Duroid 3010 for successful L I / L2 
operation. A relatively thicker layer will be required for lower frequency. Metallic backing o f the 
high permittivity has also been found as necessary. This arrangement makes two dielectric filled 
waveguides on both sides o f the corrugation allowing the signal to travel downwards and come 
back. Figures 4.8 and 4.9 present the simulation comparison o f the traditional choke ring ground 
plane configuration with the configuration presented in figure 4.7. It can again be seen from the 
figures that the performance o f the choke ring ground plane with dielectric loaded walls is in 
agreement with the performance o f the traditional choke ring ground plane but only at the higher
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frequency (LI band). Some discrepancy in the backward cross polarization performance at the L2 
band can be observed. The performance may improve by increasing the thickness o f the dielectric 
loading material but the antenna design may also lose its advantage over the previously presented 
design.
Figure 4.7: Choke ring ground plane with dielectric loaded walls
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1.575 GHz
Comparing the simulation results presented in figures 4.5, 4,6, 4.8 and 4.9, it can be seen that 
the filling up o f the corrugated ground plane with a high permittivity material results in the better 
solution for the thickness reduction. However, the approach does not decrease the overall mass and 
cost o f the ground plane. Another multipath mitigating ground plane having very low mass and 
easy manufacturing is the electromagnetic band gap (EBG). An EBG ground plane for a single fre­
quency GNSS antenna is presented in the section 2.6.3 where the integration o f the ground plane 
suppresses the surface wave propagation at 1.575 GHz. The following presents the design o f a low 
profile dual frequency EBG ground plane that blocks the propagation o f the surface waves at 1.227 
GHz and 1.575 GHz.
4.4 EBG ground plane
Electromagnetic band gap (EBG) is a periodic structure that can be used to create a high impedance 
region around the antenna in order to suppress the surface wave propagation [46].
Figure 4.10: A mushroom EBG unit cell
A single frequency EBG unit cell is presented in figure 4.10. The presented unit cell is known as 
the Sievenpiper mushroom and is made o f small square patch and ground plane. The patch is con­
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nected to the ground plane using a through via connection thereby giving the unit cell a mushroom 
shape. The periodic arrangement o f these mushroom cells makes a resonant surface where the reso­
nance frequency depends upon capacitance between the mushroom patches and the inductance of 
the through via connection.
4.4.1 Dual frequency EBG unit cell
A dual frequency EBG mushroom cell is created by using the design o f stacked patch antennae pre­
sented in sections 2.2.2 and 2.2.3. It is well known from the theory o f the microstrip antenna that 
the presence o f metallic conductor within the fringing field o f the top patch element causes a cur­
rent to flow in the bottom patch thereby allowing the antenna to radiate at multiple frequencies. 
Figure 4.11 shows the design o f the dual band EBG cell. The unit cell consists o f two stacked patch 
elements where both patch elements are etched on thin Duroid substrates {h = 0.127 mm, 8r = 2.2). 
Both layers are separated by 2 mm thick sheet o f Rohacell; a foam like substrate with permittivity 
close to 1. The Rohacell and Duroid combination is used to keep the overall mass low. A three cell 
configuration shown in the figure is analysed using waveguide analysis in [64]. The waveguide 
analysis assumes a PEC (perfect electric conductor) boundary condition on the top and the bottom 
while PMC (perfect magnetic conductor) boundary conditions on the both sides. Ports 1 and 2 
(shown as red rectangles) are left with open boundaries. The initial dimensions o f the EBG patches 
were calculated using equations 2.2, 2.5 and 2.6 and were later on optimized using the simulation 
software. Four L shaped lines in each patch were used for seize reduction. The final dimensions of 
the two EBG patches were calculated to be 32.4 x 32.4 mm^ (for LI band) and 44 x 44 mm^ (for L2 
band).
Figure 4.11: Waveguide analysis of the dual band EBG
Figure 4.12 shows the s-parameter response o f the EBG substrate presented in figure 4.11. It can 
be seen from the figure that EBG cell blocks the propagation of energy from port 1 to port 2 at
1.227 GHz and 1.575 GHz. Figure 4.13 shows the simulation layout o f a dual frequency stacked 
patch antenna integrated with a dual frequency EBG substrate where the overall antenna size after
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EBG integration is 428 x 428 mm^.
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Figure 4.12: sn response of dual band EBG (waveguide model)
Figure 4.13: Layout of a dual band stacked patch antenna integrated with the dual band
EBG ground plane
Simulation results presented in figures 4.14 and 4,15 show that the EBG integration improves 
the FBR by at least 10 dB at both bands whereas the backward cross polarization improvement is
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more than 15 dB. The antenna also meets the axial ratio requirements mentioned in Table 2-3. The 
only performance disadvantage o f the antenna is its low visibility for low elevation GNSS satel­
lites.
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4.5 Cross Plate Reflector Ground Plane (CPRGP)
Although choke ring ground planes can effectively suppress surface wave propagation they are 
usually bulky and difficult to accommodate as they require UA deep corrugations with at least 3 to 
4 concentric rings to achieve good multipath mitigation performance. In order to overcome the ac­
commodation problem, a non cut-off corrugated ground plane with shallow corrugation depth is 
presented in [26] where surface waves are allowed to propagate but are tuned to cancel out with the 
line o f sight (LOS) signals on reaching the edge o f the ground plane. In comparison to the tradi­
tional choke ring ground plane, this technique reduces the ground plane thickness by 34% but still
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requires a large number o f corrugated rings in order to demonstrate the concept. Another method o f 
reducing the height o f choke ring ground plane is suggested in 4.3.1 where the choke ring cavities 
can be filled with high permittivity material to produce a dielectric loading effect. The design 
achieves a 68% reduction in the ground plane thickness. However, the cost o f the antenna increases 
due to the requirement for high permittivity material.
In contrast to the corrugated ground plane, a low profile technique for surface wave suppression 
is the use o f Electromagnetic Band Gap (EBG) substrate; a periodic structure creating a high im­
pedance region around the antenna and blocking surface wave propagation. Although the EBG 
substrate is low profile it requires high periodicity and the overall antenna size needs to be very 
large in order to achieve good performance which leads to a large volume [46]. Due to the limited 
accommodation available onboard small satellites, these EBG structures do not prove to be attrac­
tive for multipath mitigating global navigation satellite system (GNSS) antennas.
This chapter introduces the concept o f  a novel, compact-size and broadband external ground 
plane for multipath mitigation in GNSS antennae. The cross plate reflector ground plane (CPRGP) 
is capable o f improving antenna co-polar and cross-polar performance about and below the horizon 
by effectively suppressing surface wave propagation. The proposed ground plane design is simple, 
easy to manufacture and is at least 40 mm smaller than the choke ring ground plane. In order to 
demonstrate the multipath mitigating capability, the proposed CPRGP is integrated with a dual­
band step-shorted annular ring (S-SAR) antenna presented in section 3.2.
4.5.1 Design Concept
The design o f the novel cross plate reflector ground plane can be easily explained by using basic 
electromagnetic theory.
k .
TMto
k
TE toz
Figure 4.16: Plane wave vector (TE and TM) in the Cartesian coordinate system
Figure 4.16 presents two types o f oblique plane TEM waves; TEz (TE to z) and TMz (TM to z) 
with the propagation vector in positive x  direction. It is well known from electromagnetic theory
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that a flat perfect electric conductor (PEC) sheet will cancel out any type of plane waves on its sur­
face if the E-field vector o f the propagating wave is parallel to the PEC surface. This is due to the 
boundary condition o f £'t = 0 for any metallic conductor. Therefore, a flat metal sheet in x-y direc­
tion will block the propagation of TEz waves but cannot cancel TMz waves as the E-field vector is 
perpendicular to x-y  plane. On the other hand, a ground plane geometry where the PEC sheets are 
arranged in a way that the E-field vectors o f both types o f plane waves are parallel to the PEC sur­
face can effectively block their propagation. This concept is further clarified in figure 4.18 where 
the crossed arrangement o f flat metal sheets shown as a portion o f the CPRGP structure.
20 mm
18 mm
 ^ 2% mmTE to zj
J H t o  z
30 mm
Figure 4.17: Vector representation of TEz and TM% waves on the CPRGP surface
The thickness o f the top surface and the flat metal bedding provides Et = 0 condition for the TEz 
waves while the vertical plates provide a similar condition for the TMz waves. Therefore, it can be 
concluded that the CPRGP provides Et = 0 for both types o f TEM waves (TEz and TMz) and can 
cancel out both of them if the propagation vector is parallel to the ground plane surface.
4.5.2 Simulation results
Simulation results o f the CPRGP integrated with dual band S-SAR antenna (figure 4.20) have 
shown that the ground plane structure is capable o f achieving high end multipath mitigating per­
formance while having a smaller volume. Performance improvement across both the LI and L2 
bands, shown in figures 4.18 and 4.19, signifies the broadband nature o f the proposed ground plane 
structure. Antenna simulation results show that CPRGP integration improves the front to back ratio 
(FBR) by 7 dB at both bands. The antenna cross-polarization below the horizon stays less than -25 
dB for most of the 3 dB beam width with the maximum value to be -21 dB at L2 band.
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Figure 4.18: Simulated (normalized) radiation pattern of the S-SAR antenna with and with­
out CPRGP at 1.227 GHz
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Figure 4.19: Simulated (normalized) radiation pattern of the S-SAR antenna with and with­
out CPRGP at 1.575 GHz
4.5.3 CPRGP prototype manufacturing and measurement results
In order to validate the performance improvement shown in figures 4.18 and 4.19 prototypes o f 
dual band S-SAR antenna and cross reflector ground plane were manufactured and integrated. The 
CPRGP was manufactured using 2 mm thick aluminium plate. The simple geometry o f the ground 
plane allowed for easy manufacture. Instead o f milling the ground plane out o f a solid block, small 
pieces and strips o f an aluminium sheet were cut and glued together to a base plate. Holes were 
drilled in order to provide clearance for feed pins. The antenna and ground plane were integrated 
together by the nylon screws. Figure 4.20 shows the manufactured prototype antenna integrated 
with the CPRGP. The integrated antenna was measured for return loss and radiation pattern. The 
antenna return loss curve is presented in figure 4.21 while normalized gain patterns are presented in 
figures 4.22 and 4.23. Table 4-1 presents the antenna gain across the coverage bandwidth showing 
a 5.8 dBic gain at 1.227 GHz and 7.7 dBic gain at 1.575 GHz. The integrated multipath mitigating
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antenna covers 20 MHz bandwidth at both L l and L2 bands.
Figure 4.20: S-SAR antenna prototype integrated with the CPRGP
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Figure 4.21: Measured sn response of the S-SAR antenna integrated with the CPRGP
It can be seen from figures 5.7 and 5.8 that there is a close agreement between simulated and 
measured results o f S-SAR antenna with CPRGP.
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Figure 4.22: Comparison of normalized simulated and measured radiation pattern o f the S- 
SAR antenna integrated with the CPRGP at 1.227 GHz
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Figure 4.23: Comparison o f normalized simulated and measured radiation pattern o f the S- 
SAR antenna integrated with the CPRGP at 1.575 GHz
Frequency
(GHz)
Measured an­
tenna gain 
(dBic)
Measured an­
tenna gain with 
CPRGP (dBic)
1.217 6.0 6.1
1.227 5.4 5.8
1.237 4.9 5.0
1.565 6.7 6.8
1.575 7.9 7.7
1.585 7.7 7.7
Table 4-1: Measured antenna gain across bandwidth
The discrepancy in the cross polarization around the boresight can be attributed to the human er­
rors in the antenna manufacturing process. The annular rings had been cut using drills to the close 
dimensions available. The residual substrate was cut-out using cutting knife which may have de­
formed the circle into an ellipse thereby disturbing the polarization purity. However, the measured 
axial ratio at boresight still remains less than 3 dB.
4.5.4 Multipath mitigation analysis
Generally a good multipath mitigating GNSS antenna would require backward radiation o f < -10 
dBic, a front to back ratio greater than 25 dB, and the polarization isolation to be > 15 dB for the 
entire upper hemisphere [26]. Moreover, the pattern roll off from Zenith to horizon should be be­
tween 8 and 14 dB while phase centre variation should be less than 2 mm [27]. A summary o f these 
requirements has already been presented in Table 2-2.
In order to fully appreciate the multipath mitigation capability o f the proposed ground plane, a 
performance comparison o f the CPRGP integrated S-SAR antenna against a commercial pinwheel 
[27] antenna and a non-cut-off corrugated ground plane [26] is presented in Table 4-2. M easure­
ment results o f the standalone S-SAR antenna have also been presented to assess the performance
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improvement. The non-cut-off (shallow) version o f the choke ring ground plane is used in order to 
appreciate the smaller size. The multipath mitigation performance is compared on the basis o f abso­
lute values taken from the CPRGP antenna measurements and the values presented in [26] and 
[27]. The values for shallow choke ring have been estimated from the measurement plots presented 
in [26].
Considering the fact that multipath signals consist o f both reflected and diffracted signals and 
can approach the antenna from any arbitrary direction, antenna radiation patterns should make sure 
that both o f these types o f  signals are significantly attenuated when arriving at the antenna. Consid­
ering diffracted signals first, the direction o f arrival for these signals is near the horizon. The 
polarization o f these signals may primarily be right hand circular and therefore it is vital for the 
antenna to have low co-polar radiation levels in order to provide maximum attenuation to the in­
coming signals from this direction. Though for the reflected signals, their polarization state is left 
hand circular (LHCP) regardless o f their direction o f arrival and thus it is necessary for the antenna 
to have sufficiently low cross polarization levels to effectively reject all the incoming reflected sig­
nals.
In order to qualify an antenna for multipath interference mitigation the antenna performance is 
compared with respect to the antenna gain, front to back ratio (FBR), axial ratio, RHCP/LHCP at 
horizon and maximum level o f cross polarization below horizon.
4.5.4.1 Novatel Pinwheel Antenna
A GPS-704X pinwheel antenna design presented in [27] is a wideband antenna based on an array o f 
coupled spiral slots arranged in a pinwheel configuration. A microstrip multiple-tum spiral trans­
mission line arranged on the lower surface o f the substrate works as the antenna feed network. The 
pinwheel antenna is a compact, lightweight multipath mitigating antenna with overall dimensions 
o f (including antenna housing) 200 x 200 x 70 mm^.
Antenna simulation and measurement results presented in [27] evaluate the pinwheel antenna 
performance against the antenna gain, pattern roll-off, front-back ratio (FBR), axial ratio and etc. 
Table 4-2 presents the antenna performance in detail and compares it with the proposed CPRGP 
ground plane. Although the pinwheel antenna is wideband, the performance is compared only for 
L l and L2 bands.
4.5.4.2 Non cut-off corrugated ground plane
A shallow non cut-off multipath mitigating antenna presented in [26] combines a wideband droopy 
bowtie turnstile antenna with a corrugated ground plane to achieve multipath mitigating capability 
at low elevation angles. The corrugated ground plane is a shallow version o f the traditional choke 
ring ground plane but uses a different approach in order to mitigate multipath interference. Instead
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o f creating high impedance region around the antenna the proposed ground plane allows surface 
waves to propagate but tunes them so that they are out o f phase with the LOS signals at the rim of 
the antenna and get cancelled. Antenna simulation and measurement results presented in [26] inves­
tigate the antenna performance against FBR, gain slope, backward radiation and cross polarization 
isolation. Despite significant reduction in the ground plane thickness, the ground plane has a di­
ameter o f 340 mm.
Antenna measurement results are plotted from 1.15 GHz to 1.60 GHz in [26]. Since the meas­
urement results show a similar performance at all frequencies, average values (same for the L l and 
L2) are used in Table 4-2.
4.5.4.3 Performance comparison
Multipath mitigation performance o f all three antennas is presented in Table 4-2. The performance 
is compared against the common parameters presented in [26] and [27] which include the front- 
back ratio, backward radiation, RHCP/LHCP at horizon, cross polarization level below horizon and 
antenna size. Axial ratio performance o f the CPRGP is compared against the pinwheel antenna only 
as no exact values were found in [26]. It is interesting to note that both FBR and backward radia­
tion are considered as part o f the performance comparison, since the front to back ratio o f an 
antenna is defined by both boresight gain and backward radiation. Therefore, a higher FBR may 
only result from a higher antenna gain and may not reflect better multipath mitigation performance. 
Since the antenna gain is primarily dependent upon the antenna aperture and may vary for different 
antenna elements and ground plane sizes, the antenna backward radiation is also included in the 
performance comparison.
It can be seen from Table 4-2 that all three antennae achieve FBR over 25 dB with backward ra­
diation below -15 dBic.
Antenna axial ratio is another very important factor in determining the antenna’s capability to 
reject multipath interference signals and it is important that a multipath mitigating antenna main­
tains a good axial ratio performance for the entire upper hemisphere. According to [27] the axial 
ratio for a multipath mitigating antenna should not exceed; 3 dB at 45°, 6 dB at 15° and 8 dB at 5° 
elevation angle. Table 4-2 shows that both the pinwheel antenna and the CPRGP achieve required 
axial ratio performance. The exact values o f axial ratio are not available for shallow corrugated 
ground plane in [26].
Another important factor is the RHCP / LHCP ratio at horizon. This requirement ensures that 
the antenna is able to receive RHCP signals at the low elevation angles as well. Both shallow cor­
rugated and CPRGP antennae achieve similar performance as presented in Table 4-2.
Antenna cross polarization performance below the horizon is another factor characterizing mul­
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tipath mitigation performance. This value is important as the majority o f reflected (LHCP) signals 
come from below the horizon and therefore may be accepted by the antenna if  sufficient attenuation 
is not provided. It can be seen in the Table 4-2 that the CPRGP antenna achieves the best perfor­
mance with maximum cross polar level below the horizon to be -17 dBic.
Parameters
Pinwheel 
Antenna [27]
Non cut-off 
corrugated 
[26]
S-SAR
Antenna
S-SAR
integrated
CPRGP
L l L2 L l L2 L l L2 L l L2
Antenna Gain (dBic) 6.8 2.9 8 8 7.9 5.4 7.7 5.8
FBR(dB) 32 28 38 38 22 21.8 25 27
Backward radiation 
(dBic) -26 -25.5 -30 -30 -14.1 -16.4 -17.3
-21.2
Pattern roll-off (dB) 13.2 11.1 18 18 15 11.8 18 14
Antenna Ax­
ial ratio (dB)
45° 1.0 2.0 —— ——— 4.0 2.96 3.1 0.8
15° 1.4 3.8 - — ——— 10 8.4 6.1 1
5° 1.6 5.0 ---- —— 17 12.6 7 2.5
RHCP/LHCP @ 90° (dB) 12 8 12 12 5 3 12 11
Maximum backward 
cross polarization (dBic) -9 -7.5 -12 -12 -7.59 -14.6 -18.3
-17.2
Phase cen­
tre variation 
(mm)
Vertical 0.5 1.5 < 2 < 2 0.55 1.39 0.70 0.61
Horizontal 0.8 1.2 < 2 < 2 2.7 0.8 1.65 0.2
Ground plane size (mm^) 200 X 200 X 70 340 X 340 X  60 150 X  150 X  5 190x 1 9 0 x 3 0
Table 4-2: Multipath mitigation comparison o f the CPRGP antenna
The last major performance parameter is the antenna phase centre variation. The phase centre 
location can vary with both elevation angle and frequency o f operation, and its variation is critical 
for high-precision GNSS applications. A multiband antenna with high variation in the phase centre 
will result in location measurement error as the carrier frequency sweeps through the bandwidth. 
Similar to [27], the phase centre o f the CPRGP antenna has been evaluated using the full wave 
simulation software [56]. Table 4-2 shows that maximum variation in the phase centre o f all three 
antennas remains less than 2 mm. The presented values for CPRGP are evaluated for the entire up­
per hemisphere and represent the maximum variation (averaged for 180° beamwidth) within the 20 
MHz bandwidth at both bands.
4.5.5 CPRGP integration with wide band antenna
The integration o f CPRGP with the dual band S-SAR antenna demonstrates the multipath miti­
gation capability only for L l and L2 bands. In order to fully appreciate the broadband capability o f  
the proposed CPRGP structure, the ground plane has been integrated with a wideband antenna. In 
order to further investigate the multipath mitigating capability o f the proposed ground plane, a wide 
band bowtie turnstile antenna (non-droopy) is integrated with the circular CPRGP. Figure 4.24
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shows the antenna simulation layout where the overall ground plane size is 200 x 200 x 30 mm^ 
while the spacing between the antenna and the ground plane rim is 8 mm. The turnstile antenna is 
fed using a four port hybrid coupler where each output port of the hybrid coupler is connected to 
the inner edge of the bowtie wing.
64
Figure 4.24: CPRGP integration with wideband bowtie turnstile antenna
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Figure 4.25: Simulated axial ratio comparison of the bowtie turnstile antenna with flat reflec­
tor and the CPRGP
Comparing the simulation results of the turnstile antenna with the CPRGP against a flat reflector
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ground plane (having same dimensions) in figure 4.25, it can be seen that the CPRGP integrated 
antenna achieves a 3 dB axial ratio beam width o f 180° at L2 band and 246° at L l band. Figure 
4.26 presents radiation pattern of the bowtie turnstile antenna integrated with CPRGP showing 
RHCP/LHCP at horizon to be 17 dB and 21 dB for L2 and Ll bands respectively. It is necessary to 
mention here that the simulation results in figures 4.25 and 4.26 do not include the effect o f feed 
network.
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Figure 4.26: Simulated (normalized) radiation pattern comparison of the bowtie turnstile an­
tenna integrated with the CPRGP
4.6 Summary
A new design o f a compact multipath mitigating ground plane for multiband GNSS antennae is 
presented. In order to demonstrate the multipath mitigation performance, the proposed CPRGP is 
integrated with a dual band step-shorted annular ring antenna. Simulation and measurement results 
show significant improvement in the antenna co-polar and cross polar performance at both L l and 
L2 bands with the ground plane integration. The ground plane performance is also compared 
against a commercial pinwheel antenna and a shallow corrugated ground plane. Performance com­
parison presented in Table 5-2 show that the CPRGP integrated dual-band S-SAR antenna achieves 
a FBR over 25 dB with backward radiation below -17 dBic. Cross polar levels below the horizon 
remain less than -17 dB. The CPRGP antenna does not replicate the same performance at L l band 
due to high directivity and narrow beam width at higher frequency. However, the antenna still 
achieves the required axial ratio performance and therefore qualifies for a good multipath mitigat­
ing antenna. Moreover, the ground plane has an advantage in terms o f the required space for its 
accommodation. The overall integrated structure is only 190 x 190 mm and weighs only 764 gm. 
The antenna has a flat bottom surface and is easily mountable on small satellites and platforms. The 
compact size, low cost and efficient multipath mitigation performance at multiple frequencies 
makes the proposed CPRGP promising for high precision GNSS applications in small satellites and 
other small platforms.
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5 LOW COST DUAL BAND CIRCULARLY POLARIZED 
SWITCHED BEAM ANTENNA ARRAY
Circular polarized array antennae have found numerous applications in GNSS remote sensing. 
High gain antennae pick up already transmitted L band navigation signals after reflection from the 
surface o f earth, oceans or ice. Once received these signals are passed on to the onboard receiver 
which processes them to get insightful information about different natural phenomenon.
Although this technique o f remote sensing is effective but it may not be very efficient. A remote 
sensing antenna has to pick up weak signals and therefore it needs a high gain antenna array pro­
ducing a sharp narrow beam. Since the remote sensing GNSS satellites are usually revolving in the 
low earth orbit, the high gain antenna cannot focus on a particular area for a longer period o f time 
and therefore the receiver may not get the required amount o f data. This leads to a problem as the 
atmospheric conditions may change in the next revolution. An alternate approach is to use a high 
sampling receiver increasing the overall system cost. Another technique that can resolve this issue 
is using a beam steering antenna array. The beam steering antenna array, despite o f the moving sat­
ellite, can lock on to a particular target thereby virtually increasing the acquisition time. The only 
limitation is that beam steering antenna usually comes with its own electronics package and there­
fore may not prove to be cost effective.
A simple technique that can reduce the cost o f control electronics while keeping the high gain 
functionality o f the beam steering antenna will be replacing the expensive phase shifters with sim­
ple switching mechanism to point the antenna beam into different directions. The resulting antenna 
is called a switched beam antenna array and is able to direct the antenna beam to different direc­
tions based on the selection input. Similar to a beam scanning antenna, a switched beam antenna 
provides continuous coverage across the Zenith while reducing the antenna manufacturing cost.
This chapter presents the design o f a circularly polarized dual-band switched-beam antenna ar­
ray. The antenna array is designed to operate at 1.227 GHz and 1.575 GHz and can be used for 
GNSS anti-jamming as well as GNSS remote sensing applications. The antenna design is a 4 ele­
ment linear array incorporating a broadband switching mechanism in order to provide continuous 
coverage for ± 2 5 °  around the zenith. The proposed antenna array is designed to receive left hand 
circular polarized (LHCP) signals but can be easily modified to achieve a reconfigurable design 
that is switchable to right hand circular polarization (RHCP). Antenna simulation results show that 
the anterma array achieves a maximum boresight gain o f 12 dBic at the L l band while 10 dBic at 
the L2 band. Firstly, the design and development o f a broad band beam switching feed network is 
presented. The proposed design has demonstrated 26.82 % operational bandwidth. Secondly, the 
design, development and manufacturing o f a fully integrated dual-band switched-beam antenna
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array are presented. In contrast to the previously reported designs, the proposed antenna array of­
fers; higher gain at multiple frequencies, beam scanning along the array axis and low 
manufacturing cost.
5.1 Beam Switching Techniques
Several feed network designs have been presented in the literature that can provide switched beam 
capability for antenna arrays [65][66][67][68][69][70][71]. These designs offer different; range o f 
angular coverage, level o f complexity, overall cost, and azimuth or elevation coverage and there­
fore are considered to have certain advantages and disadvantages over one another.
5.1.1 Butler Matrix
The Butler matrix has been most commonly used beam switching feed network for antenna arrays 
since it was first described in [66]. It is a microwave beam switching network that usually consists 
o f N  inputs and N  outputs (N  -  2") and can be implemented using waveguides or microstrip trans­
mission lines. A Butler matrix uses hybrid couplers to achieve equal amplitude and a progressive 
phase distribution across different output ports. The phase difference between consecutive ports is 
constant for any selected input and its value decides the squint direction o f the antenna beam.
Despite being able to achieve precise amplitude and phase distribution across the N  outputs the 
Butler matrix has a few limitations. Firstly, the Butler matrix uses branch line couplers as the basic 
building blocks increasing the size o f the feed network enormously. The second limitation o f the 
microstrip based butler matrix is the required cross over. The cross over can be implemented using 
a second substrate on the other side o f the ground plane but requires a lot o f  care in design and 
manufacturing due to parasitic inductance in the through via connections, and the fact that the cross 
over path may touch the antenna element.
A planar broadband Butler matrix implemented in [68] [69] avoids the unwanted cross over by 
using a zero degree hybrid. The use o f broadband branch line couplers also resolves the issue o f 
narrow bandwidth but the overall feed network size is increased by a factor o f 2.
Another factor to consider is the input selection. Since the Butler matrix has N  independent in­
puts, selection between beam switching states would either require an additional control circuit or 
would need to be done manually.
5.1.2 Single Pole Multiple Throw (SPMT) switch
A SPMT microwave switch based feed network is presented in [72]. The feed network is de­
signed to switch the main beam o f a multi-band antenna array for a continuous coverage. The 
output o f the SPMT switch is connected to the rest o f  the feed network at one o f the four equal 
length input feed lines where each input line results in a different beam direction while the rest o f
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the three input lines are left open ended. The Xg/2 length o f the open ended transmission lines re­
flects this open circuit at the feed joint stopping any backward power flow (from feed network into 
the switch). However, this approach limits the operational bandwidth o f the feed network which is 
only 120 MHz (6.66% at 1.8 GHz) as presented in [72].
5.1.3 Proposed broadband beam switching method
This section presents an innovative yet simple technique in order to achieve switching capability 
for a wider bandwidth (0.8 GHz to 1.9 GHz) with greater than 15 dB isolation between switching 
branches. The proposed technique use PIN diodes to provide an open or short circuit at the point of 
contact. Careful selection of PIN diodes can provide minimum insertion loss while keeping the 
overall antenna size to be small and low cost. Figure 5.1 presents the simulation layout o f a small 
feed network demonstrating the isolation o f PIN diode.
output 1 output 2
1 _ f
switch Ieg2
^l^port 1 switch leg 1
p o r t 3 Input
p o r t 2
Figure 5.1: Simulation layout of PIN diode isolation test
The simulation layout shows three input ports (labelled as port 1, port 2 and port 3) and two 
output ports (labelled as output 1 and output 2). Port 1 is considered as the primary input while port 
2 and port 3 are the switching legs to be selected for a desired beam direction. In the absence o f 
ports 2 and 3, the input from port 1 should be split equally to output 2 and output 3. However, in 
the presence o f switch leg 1 and switch leg 2 input power may not equally transmit to output port 2 
and output port 3 as some power will flow towards switch leg 2 and switch leg 3. In order to stop 
the incoming energy switch leg 1 uses a Àg/2 long open ended transmission line while switch leg 2 
uses a shorter line connected through PIN diode. Simulation result presented in figure 5.2 compare 
the isolation of switch leg 1 and switch leg 2 with input port 1. It can be seen from the comparison 
that the switch leg 2 using a PIN diode stops the incoming energy more effectively providing better 
isolation.
Comparing the Butler matrix and the SPMT switch for beam switching, it can be observed that 
the Butler matrix can operate with a wider bandwidth by employing broadband branch line cou­
plers but the disadvantage is the large area consumption whereas the SPMT switch presented in
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[71] has a compact size but limited bandwidth. Another potential disadvantage o f the Butler matrix 
is fixed switching directions which may not give a continuous coverage for a sharp beam.
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Figure 5.2: Simulation comparison of PIN diode isolation with open ended transmission line
5.2 A broadband switched beam feed network
This section presents the design o f a broadband beam switching feed network for a circularly polar­
ized antenna array. In contrast to the traditional Butler matrix, the proposed feed network consumes 
less physical space and offers more than 25% operational bandwidth (700 MHz at 2.8 GHz). The 
compact size o f the feed network is achieved by avoiding the un-necessary branch line couplers 
that are the basic building blocks o f a Butler matrix. Further size reduction can be achieved by 
choosing a high permittivity substrate but the overall antenna size is limited by the inter-element 
spacing. Another advantage o f the proposed feed network design is the use o f reverse biased PIN 
diodes to stop backward power flow. This improves isolation between switching branches at multi­
ple frequencies. The following will describe the design o f the proposed beam switching network in 
detail: Firstly, a simple feed network design providing a 6 dB power split is presented. The design 
o f a PIN diode based switch and its integration with the basic feed network is presented afterwards.
5.2.1 Basic Design
A corporate type 1 to 4 power splitter is used as the basic design for the feed network. A single 
50D input transmission line is split into two lOOD lines to achieve equal power split. Each lOOD 
section is transformed back to 50D transmission line by using an impedance matching quarter 
wavelength transformer (marked by red boxes). The same sequence is applied again in order to 
achieve further power split. The four branches are then connected to broadband compact branch 
line couplers (marked by black boxes) in order to achieve circular polarization at multiple frequen­
cies. The branch line couplers follow the same design as presented in the section 3.2.3. Figure 5.3
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shows the simulation layout o f the basic feed network. It is worth mentioning that two o f the four 
hybrid branch line couplers are physically inverted and thus 180° phase compensation should be 
provided in order to achieve maximum gain in the required direction. This is achieved by adjusting 
the line length of the top (feed) part (shown with brown boxes). The complete feed network is 
etched on 150 x 600 mm^ substrate.
input
Figure 5.3: Basic 1 x 4  power split feed network
5.2.2 Broadband beam switching network
The next task was to employ a switching mechanism ensuring an appropriate phase difference be­
tween consecutive branches for multiple switching states. Two such switches, one at the top and the 
other at the bottom of the feed network vary the phase difference between the four antenna ele­
ments. In contrast to the SPMT switch design in [71], the proposed beam switching network uses 
small microstrip lines with PIN diodes to achieve the appropriate phase difference between antenna 
elements and to achieve better isolation between the switching legs. Careful selection o f PIN di­
odes can minimize insertion loss while keeping the overall antenna size to be small and low cost.
Figure 5.4 presents the schematic layout o f the PIN diode based switch where the highlighted 
path shows the transmission o f incoming signal for a positive biasing voltage at B l, B2 and B3. 
Quarter wavelength long lines along with RF choke inductors (100 nH) have been used to isolate 
the RF energy and DC supply. Further protection was achieved by using shunt capacitors (lOpF) at 
all the biasing points. The series resistance o f the RF choke inductors also helps in limiting the flow 
of current, BAP50-03 [72] by NXP semiconductors is the PIN diode package used for implement­
ing the switching circuit. The selection o f the PIN diode was based upon the value o f the reverse 
biased capacitance and forward biased insertion loss. The operation o f the switch is very simple.
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Correct biasing (±5V, 40 mA) at the corresponding biasing points put the required PIN diode in 
forward bias configuration allowing the RF energy to transmit from the input to one o f the four 
switching states. Similarly the PIN diodes which are put in the reverse biased configuration stops 
the RF energy to flow through them thereby effectively providing an open circuit.
state 4 state 3 state 2 state 1
B4
B5
0 B 2
B1
Input signal
Figure 5.4: Feed network layout of PIN diode switch (bottom central part of the complete
feed network)
5.3 Design of Integrated Array Antenna and Simulation Results
In order to explain the operating principle and beam switching mechanism o f the proposed 
switched beam antenna, a non-scaled diagram of the feed network is presented in figure 5.5. The 
lengths o f the antenna feeds have been reduced (with different scaling factors) in order to show a 
clear layout. The broadband branch line couplers are further scaled down in order to show the an­
tenna feed. The red box at the bottom of the feed network represents the beam switching circuit 
shown in figure 5.4 where the input signal is indicated by point 0 while the state 1 to 4 are indicat­
ed by points 1 to 4. The DC biasing circuit is removed to give more clarity while the PIN diode 
locations are represented by small gaps.
Ant 3 Antinput
Ant lAnt 1
Figure 5.5: Non-scaled layout of broadband feed network
- 8 9 -
Low Cost Dual Band Circularly Polarized Switched Beam Anterma Array
5.3.1 Beam switehing mechanism
The beam switching mechanism o f the proposed feed network can be explained by considering the 
standalone anterma elements as the array o f point sources [73]. The phase advancement or retarda­
tion between the E  fields o f n no. o f point sources (on the same line) o f equal amplitude and 
arbitrary phase difference is given as
(5.1)
where (p is angle between the array axis and any arbitrary direction and dr is the distance be­
tween the sources expressed in radians; that is dr = 2nd/X while ô is relative phase difference 
between consecutive sources.
According to [73] the E-field maximum is in the direction o f (p when y/ is zero. Putting = 0 in 
equation (5.1) leads us to equation (5.2)
(p =  cos-1
A
V J
(5.2)
which means that for a fixed array spacing, the antenna beam can be switched in different direc­
tions for a selection o f ô or vice-versa.
5.3.2 Mapping of the required beam direction to the switch position
The required beam switching directions (çj«) were calculated in order to provide a continuous 
coverage across boresight. Equation (5.2) was then used to calculate the required relative phase 
difference (^„) between the antenna elements.
The calculated phase difference was then converted to the physical distance (using Equation 
5.3) between the antenna elements thereby resulting in the selection points 1, T; 2, 2'; 3, 3' and 4, 4' 
(of figure 5.5).
^dist — '
ln \d ^
(5.3)
where Xg is the guided wavelength.
Beam direction Relative phase difference (â)
Relative phase to distance 
conversion (ds =  mm)
Required switch and 
distance from 00' (mm)
-20° +86.18° +12
1 18
r 6
-10° +43.75° +6
2 9
2' 3
+10° -43.75° -6
3 -9
3' -3
+20° -86.18° -12
4 -18
4' -6
Table 5-1: Beam direction mapping to respective switch positions
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Due to the requirement o f symmetric coverage, the same configuration has been used on both 
the right and left hand sides o f the 00' reference line. Table 5-1 presents the required beam switch­
ing directions and the respective positions o f the switching lines.
It is worth mentioning here that the required beam direction presented in Table 5-1 is the com­
plementary angle to (p (used in Equation 5.1) is calculated across the array axis.
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Figure 5.6: Simulated s-parameter (amplitude) response of the proposed feed network for -
20° switching state
Figures 5.6 and 5.7 present the simulation results o f relative amplitude and phase difference be­
tween consecutive antenna elements.
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Figure 5.7: Simulated s-parameter (phase) response of the proposed feed network for -20°
switching state
The results have been presented for the PIN switch connecting at points 11' (Ref. to figure 5.5). 
It can be seen that the magnitude o f reflection coefficient remains less than -10 dB while 6 dB 
power split can be observed between the consecutive ports. A strong dip in the 5u can be observed 
at 1.45 GHz indicating the design frequency o f the feed network (approximately at the centre o f L2
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and L l bands). Nearly equal phase difference can also be observed at the consecutive feed ports at 
both frequencies. It can be observed from figure 6.6 that the transmission magnitudes are not stable 
with the frequency especially at the L l band. This variation in primarily due to the several bends in 
the transmission line network. Another factor that can be responsible for this variation is that some 
parts o f the feed network run in very close proximity thereby producing some resonance effect near 
L l band.
The four element antenna array resulted in overall size o f 600 mm x 230 mm^. The inter­
element spacing was kept constant at 0.71 (150 mm at 1.4 GHz). The value was optimally selected 
for high antenna gain at both frequencies.
5.4 Antenna Manufacturing and Measurement Results
The antenna element used for the switched beam array is the dual-band step-shorted annular ring 
(S-SAR) antenna. As presented in section 3.2, a shorted annular ring antenna element is used as it is 
well known for its capability to minimize the surface and lateral wave propagation. Although such 
an antenna element can reduce the coupling between the array elements, appropriate separation be­
tween the antenna elements will still be required to ensure high boresight gain and avoid grating 
lobes.
5.4.1 Antenna fabrication
In order to validate the beam switching capability o f the proposed broadband feed network a scaled 
down prototype o f the antenna array was fabricated. A scaling factor o f 16 was selected to bring the 
antenna size within the limits o f available fabrication facilities. The scaled down prototype now 
operates at 2.454 GHz and 3.15 GHz (twice o f the L l and the L2 bands). In order for the scaled 
prototype to achieve same switching directions distance o f the switching legs from the feed centre 
was decreased. The inter-element spacing was kept at 0.7X (75 mm at 2.8 GHz)
Duroid 5880 (8r = 2.2, h = 1.575mm) was used to manufacture the annular ring elements while 
the feed network was fabricated using FR4 epoxy (cr = 4.55, h = 1.6mm). Once fabricated, holes 
were drilled in the substrate to make annular rings. Residual substrate was cut out using a hand 
knife. Thin strips o f copper were hand soldered on the inner boundaries to connect the annular 
rings to the ground. It is worth mentioning that human errors caused by manual cutting and solder­
ing o f the antenna elements can deform the antenna elements thereby either shifting the resonant 
frequency or degrading the polarization purity.
Figure 6.8 shows the front and back view of the manufactured antenna prototype. Nylon screws 
were used to fasten the antenna layers together. The four elements array antenna has an area o f 300 
mm X  75 mm while the feed network has a greater width to provide extra ground plane space for 
the top and bottom switches. An external 180° degree hybrid was used to provide compensation for
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the physically inverted (middle) hybrid couplers. External wires were connected to the integrated 
antenna to provide 5 V DC biasing voltage and 40 mA current to the PIN diodes.
Figure 5.8: Front and back view of the switched beam antenna array
5.4.2 Antenna measurement results
Antenna measurements were done in local anechoic chamber. The chamber was calibrated from 2 
GHz to 4 GHz. A broadband left hand circularly polarized conical spiral antenna was used as a 
transmitter while the antenna under test (AUT) was mounted at the receiving end on a 360° turnta­
ble. Different beam directions o f the array antenna were selected by manually connecting the power 
supply to provide the correct biasing voltage and current. Antenna measurement results are present­
ed in figures 5.9 to 5.12.
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Figure 5.9: Measured 5n response for switched beam array antenna
The return loss curve presented in Figure 5.9 shows two distinct dips at 2.454 GHz and 3.15 
GHz. Other distinct dips at 2.8 GHz and 3 GHz indicate the design frequencies o f the broadband
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branch line couplers and the external hybrid coupler respectively. The simulated sw curve is not 
presented in the figure as the antenna simulation did not include the effect o f external hybrid cou­
pler.
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Figure 5.10: Measured radiation pattern for switched beam array antenna at 2.454 GHz
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Figure 5.11: Measured radiation pattern for switched beam array antenna at 3.15 GHz
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Figure 5.12: Comparison of simulated and measured co-polar and cross-polar pattern for the
switched beam array antenna at 2.454 GHz
Frequency
(GHz)
Gain (dBic) in different directions
Casel
(+20°)
Case2
(+10°)
Case3
(-10°)
Case4
(-20°)
2.434
Simulated 8.8 9.8 9.7 8.7
Measured 8^3 8^3 8.09 7.70
2.454
Simulated 9.4 10.3 10.4 9.5
Measured 8 j3 9.45 8.42 8.12
2.474
Simulated 8.4 9.8 9.1 8.7
Measured 8.74 9 ^ 2 8.84 8 J 2
3.13
Simulated 11.4 11.6 11.5 10.8
Measured 7.49 8 J3 9.50 T92
3.15
Simulated 11.5 11.8 11.7 11.1
Measured 9.12 10.6 10.6 92 8
3.17
Simulated 11.4 11.7 11.6 11.2
Measured 8.97 10.6 10.6 8.53
Table 5-2: Simulated and measured performance of the array antenna
The antenna has a left hand circular polarization with a maximum gain o f 9.45 dBic at 2.454 
GHz and 10.8 dBic at 3.15 GHz. Figure 5.10 and figure 5.11 show different beam directions o f the 
antenna array while figure 6.12 shows close agreement between the simulated and the measured 
results. Antenna gain across the bandwidth o f interest is presented in Table 5-2 showing 40 MHz
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coverage at both bands.
5.5 Summary
The design o f a low cost dual-band switched beam circularly-polarized array antenna has been 
presented. The antenna can be used for both GNSS remote sensing and interference mitigation ap­
plications. The proposed antenna and the integrated beam switching network use low cost PIN 
diodes in order to switch between four different beam directions. The beam switching and multiple 
frequency allows for higher resolution in remote sensing applications. Moreover, the beam switch­
ing capability can mitigate the effect o f interference signal by directing the antenna beam to away 
from the interférer. In comparison to a previously reported SPMT switching technique, the use o f 
PIN diodes enhances the operational bandwidth and also improves the isolation between switching 
legs. The simulation and measurement results show that the array antenna achieves above 9.4 dBic 
gain at 2.454 GHz and above 10.5 dBic at 3.15 GHz. The antenna is fabricated with space qualified 
material and can be easily mounted on board small satellites. However, the final flight model may 
require integrating a small microcontroller unit to the antenna switching the required beam direc­
tion based on a single control input.
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6 CONCLUSION
This thesis has presented the design o f novel antennae for space borne global navigation satellite 
system (GNSS). Multiband antennae have recently become popular for several reasons. Apart from 
the primary advantage o f receiving information at more than one frequency simultaneously, the 
multiband antennae improve the overall system performance by increasing effective bandwidth and 
data rate, interference mitigation, frequency hopping, data rate switching and congestion control. 
Similar to any other spacebome system GNSS can also gain a lot o f advantages using multiple fre­
quencies. Firstly, multiband system will increase the measurement accuracy for both commercial 
and civilian users. Secondly, a positioning solution can be reached faster. Thirdly, the availability o f 
more signals will relax the receiver design. Fourthly, the antenna can interact with multiple naviga­
tion systems and see more satellites. Lastly, the multiband antenna can also improve the quality o f 
disaster monitoring applications by allowing frequency /  system switching in the case o f outage.
Several designs o f multiband antenna presented in the literature have been discusses and their 
suitability for spacebome platforms particularly small satellites has been investigated. Overall cost, 
design complexity, ease o f fabrication and conformability to the platform were few quality consid­
erations in the selection o f a suitable design. It had been assessed that the microstrip antenna based 
on reduced surface wave (RSW) concept can give the best performance o f spacebome applications. 
Apart from being low profile, a microstrip RSW antenna achieves low side and back lobes. How­
ever, previously presented dual frequency RSW antennae have inflexible geometry and require a lot 
o f parametric optimization for desired operation.
A novel dual band step shorted annular ring antenna (S-SAR) design has been proposed that 
provides wider axial ratio bandwidth, flexible geometry and easy fabrication. The proposed antenna 
can also be easily modified for tri-band operation. In comparison to a dual band stacked patch an­
tenna, the proposed S-SAR antenna performs better at low elevation (near and about the horizon) 
and therefore will suffer less from the nearby subsystems. Although the proposed S-SAR antenna 
can be used stand alone for precise orbit determination, it does not suppress the surface wave prop­
agation completely and therefore may attract multipath interference.
A review o f spacebome precise orbit determination (POD) antennae has revealed that the inte­
gration o f a microstrip antenna with a choke ring ground plane has been a usual practice to increase 
the measurement accuracy. The integration o f the choke ring ground plane has been found to im­
prove the multipath mitigation performance as well as to stabilize the antenna phase centre. 
However, the biggest disadvantages o f the choke ring ground plane are its large volume and high 
mass. Different innovative yet simple techniques have been presented in order to reduce the overall 
volume o f the ground plane. The proposed techniques include the dielectric loading o f the choke 
ring ground plane with high permittivity materials. Two different methods o f the dielectric loading
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have been discussed and the performance is compared against the standard choke ring antenna. It 
has been observed that filling up o f the ground plane corrugations with a high permittivity material 
reduces the overall antenna size without degrading its performance. On the other hand, sticking the 
high permittivity material to the corrugated walls degrades the antenna performance at the lower 
frequency. There are a few important points to consider while analysing the advantages o f the die­
lectric loading o f the corrugated ground plane. Firstly, the reduction o f the corrugation depth is 
dependent upon the permittivity o f the material. Secondly, despite o f the reduction in the corruga­
tion depth, it’s filling up with high permittivity material may not decrease the overall mass o f the 
antenna. Thirdly, the high permittivity material does not necessarily require high quality as it is not 
being used for antenna fabrication. A low cost high permittivity PVDF such as Kynar can also be 
used.
A low profile multipath mitigating ground plane has also been proposed as an alternative to the 
bulky choke ring ground plane. A low profile electromagnetic band gap (EBG) ground plane has 
been previously proposed for a Galileo antenna. Integration o f an EBG ground plane creates a high 
impedance region around the anterma blocking the propagation o f surface waves along the ground 
plane surface. Although an EBG ground plane can operate for a wider bandwidth, simulation re­
sults have revealed maximum surface wave suppression at the centre frequency. A dual frequency 
EBG ground plane has been proposed for surface wave suppression at multiple frequencies. A dual 
band EBG unit cell is created by replicating stacked patch configuration and is arranged periodical­
ly to achieve resonance. The dimensions o f the EBG patches are estimated using the fundamental 
design equations but are optimized using simulation tool. Simulation results o f the dual band an­
tenna integrated with EBG ground plane achieve the desired multipath mitigation performance. A 
fundamental limitation o f using an EBG ground plane for small satellites is the overall antenna size 
which requires bigger accommodation area.
A novel compact multipath mitigating ground plane is proposed to improve the performance of 
the precise orbit determination GNSS antenna. Unlike the bulky corrugated (choke ring) ground 
plane and large EBG surface, the proposed cross plate reflector ground plane (CPRGP) is a non­
periodic, compact structure capable o f blocking surface wave propagation at multiple bands. The 
ground plane geometry is achieved by arranging small metallic plates in a crossed fashion thereby 
giving it the name o f cross plate reflector ground plane. The operation o f the ground plane is simple 
and based upon basic electromagnetic theory. Since the E-field component on the surface o f a me­
tallic conductor is always zero {Et = 0), the metallic plates in the CPRGP are arranged to ensure 
that both TE and TM type o f waves having propagation vector perpendicular to the ground plane 
geometry are cancelled on reaching the ground plane boundary. Integration o f the proposed novel 
ground plane with the RSW S-SAR antenna has shown about 7 dB improvement in the fi-ont to 
back ratio. Backward cross polarization performance o f the antenna is also improved by roughly
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the same value. Performance comparison o f the CPRGP and the S-SAR integration against previ­
ously used multipath mitigating antennae show that the proposed CPRGP successfully meets the 
design requirements o f a multipath mitigating antenna while having smallest overall size. The 
ground plane fabrication is also very easy and inexpensive. In order to further demonstrate the 
broadband property o f the proposed CPRGP, the ground plane is also integrated with a wideband 
bowtie turnstile antenna where the simulation results o f the integrated antenna achieve more than 
180° axial ratio beam width while keeping the backward co-polar and cross polar levels below the 
required limit.
GNSS remote sensing is another common application for spacebome GNSS. A GNSS receiver 
onboard a small satellite picks up transmitted signals (direct or reflected signals) from other GNSS 
satellites and process them in order to monitor the behaviour o f the atmosphere, the oceans and the 
earth. A GNSS reflectometry antenna requires a high gain narrow beam that can pick up the weak 
GNSS signals after reflection from the surface o f the earth or the oceans. Some work for GNSS 
reflectometry antennae have been done in the past but most o f these antennas have either fixed 
beams or high cost. For GNSS reflectometry using small satellites, it is necessary to have a circu­
larly polarized array antenna which can have a high gain, dual-band capability and electronically 
beam-steering capability at low cost and low power consumption.
In order to fill the gap, a novel dual band low cost switched beam antenna array is proposed. 
The antenna array uses a broadband low cost beam switching feed network capable o f varying the 
phase between the individual elements. The broadband beam switching feed network is made by 
PIN diodes directing the flow o f energy from the input towards the desired switching position. The 
use o f PIN diodes improves the isolation between multiple feed lines thereby reducing the mutual 
coupling between the consecutive elements. Relative phase difference between the individual ele­
ments o f the array allows the antenna to point in 4 different directions thereby achieving ±25° 
continuous coverage around the Zenith. Simulation results o f  the proposed array antenna shows 12 
dBic gain at the L l band and above 10 dBic gain at the L2 band. Due to the limited fabrication fa­
cilities, a scaled down version o f the proposed antenna array has been manufactured. The scaled 
down prototype is a linear array o f four individual S-SAR elements operating at 2.454 GHz and 
3.15 GHz (twice o f the L l and L2). The measurement results o f the manufactured prototype show 
agreement with the simulation results at both bands.
In summary, analysing the measured performance and the quality parameters o f the proposed 
dual band S-SAR antenna and the CPRGP ground plane and the dual band switched beam antenna 
array it can be said that the proposed antennae successfully achieve their respective design re­
quirements. Moreover, comparing the proposed designs against the state o f the art it can be 
concluded that the proposed designs are inexpensive and easy to manufacture, have low mass and 
are suitable for mounting on small satellites.
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6.1 Future work
There are a lot o f ways o f extending this work for further research. Firstly, this work has presented 
a novel design for precise orbit determination antenna. The proposed antenna is manufactured with 
space qualified material and is mountable on the small satellite. However, converting the proposed 
antenna design to an engineering model compatible with the satellite body has yet to be considered. 
Antenna protection against the Sun and other atmospheric effects also needs to be considered. It is 
well known that the current and future GNSS systems will operate in the L-band. Antenna designs 
are required that can operate at all the frequencies with uniform gain performance. Although the 
wide band antenna designs exist that can cover entire L-band, their performance across the entire 
band is non-uniform. Moreover, they require sophisticated filters to reject out o f band noise and 
non-GNSS frequencies.
Another extension o f this research can be the analysis o f the novel CPRGP. It has been estab­
lished that the proposed novel ground plane blocks the propagation o f surface waves. Therefore the 
application o f the CPRGP configuration to decrease the mutual coupling between the elements o f 
an array antenna can also be studied. A parametric analysis o f the proposed CPRGP to determine its 
possible frequency dependence can also be done. The current performance analysis o f the CPRGP 
and S-SAR integration is based upon the comparison against the radiation pattern requirements o f a 
state o f the art multipath mitigating antennae. A further analysis o f the multipath mitigation per­
formance can be done by body mounting the antenna on a mobile platform and using live GNSS 
signals.
The current work has proposed a low cost switched beam antenna array for GNSS reflectometry 
applications. The antenna has left hand circular polarization (LHCP) as it needs to pick up the re­
flected signals. Another application o f GNSS remote sensing is atmospheric monitoring which 
unlike the reflectometry antenna requires moderate gain with right hand circular polarization 
(RHCP).
Considering both o f the above requirements, the design and development o f a low cost multi­
purpose GNSS antenna capable o f both beam and polarization switching can be another future path 
for this research. Such an antenna can also be used for interference mitigation where the antenna 
beam can be pointed away from the interférer. Two dimensional beam switching is another area 
which can be studied for the switched beam array antenna.
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APPENDIX A
A.1 Surface wave propagation
For the generality o f the analysis, consider the geometry presented in figure 1 showing two dielec­
tric mediums with relative permittivity (cl and c2) joined together at the interface shown by a solid 
line. The surface is lying in the YZ plane, with material 1 and 2 extending in the +X and -X  direc­
tion. For a wave to be bound to the surface, assume it decays in the +X direction with decay 
constant a  in -X  direction with decay constant y. Consider first a TM surface wave, for which Ey = 
0. The electric field in material 1 has following form, in which the factor ejcot is implicit.
r a x
z
yx
Figure 1. Surface wave analysis
E ^ = 0  (A.1)
In material 2, the electric field has the same form, given below
= 0  (A.2)
Here A, B, C and D are constants. Recall the following from M axwell’s equations.
f  (A.3)
V x £  = -  —  
dt
These can be combined to yield the following equation below
V x V x £  = - ^ , ^ ^  (A.4)
This can be expanded explicitly, bearing in mind that the Y derivative of the electric field on
- 113 -
Appendix A
both sides is zero.
(  d ^E  gE  1 f d E ~ \
X + z —
dz dxdz ^ V dxdz dx^ J
(A.5)
By inserting equation (A.1) into equation (A.5), we obtain equations for the fields above the 
surface
CO
k A + jkccB — 6"j —Y ^
(A.6)
COj k a A - a  B = s^—y B
Similarly, by inserting equation (A.2) into equation (A.5), we obtain equations for the fields be­
low the surface
CO
k C — jkyD — € 2  —2 C^
- jkyC-y^D = s , ^ D  
c
(A.7)
The tangential electric field and the normal displacement must be continuous across the inter­
face, as specified the following boundary condition
A = C
s^B  =  ggD
(A.8)
We can combine equations (A.6), (A.7) and (A.8) to solve for the wave vector, k  and the decay 
constants, a and y.
k = 8^82 CO
8 , + 8 . c
(A.9)
a  = I -g i  ^  
c
(A.IO)
- 8 2  CO
8 ^ + 8 2  c
(A.11)
These equations describe the behaviour of surface waves on a general interface between two 
dissimilar dielectric materials. To analyze the behaviour o f surface waves at the boundary o f a met­
al surface and free space we can specify 81 = 1 and assume s to be the permittivity o f metal surface. 
The simplified form o f the equations (A.9), (A.IO) and (A .ll)  would be the following.
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APPENDIX B
B.l Analysis of reduced surface wave antenna
A microstrip patch antenna can be realized as the ring o f magnetic current following the cavity 
model. According to cavity model, the magnetic field at the radiating aperture is zero, as is the cur­
rent on the top surface o f the patch. Assuming uniform probe current, the magnetic current at the 
edge o f the patch for dominant mode TMno can be given as following
M^[(p) = (pcos(p (B.l)
Radiation from this magnetic ring can be estimated by superimposing the radiation obtained 
from single loops o f magnetic current K{(p) = coscp at a variable height o f zo from the surface o f the 
ground plane. This current model is only an approximation as it assumes patch aperture to be per­
fect magnetic conductor, does not includes the effects o f fringing electric fields and does not 
consider higher order modes but gives accurate results for very thin substrates.
Consider a Hertzian dipole o f magnetic current oriented in jc direction, at height zo above the 
ground plane. This infinitesimal dipole would excite TMo surface waves in the substrate with a 
general form for a particular component (y [35].
y/ = A { z , z ^ )  P )  sin ç  (B.2)
where is the propagation constant o f the TMo surface wave and must be determined nu­
merically [35]. Overall effect o f these waves due to the presence o f a single current loop can be 
evaluated by integrating the above component over the entire range o f (p assuming that the observa­
tion point is far away from the ring. A far field approximation for the phase o f the radiated surface 
wave at an observation point far away from the ring can be written as
where (p is the observation angle, and (p ' is the angle o f the source point on the ring. Using equa­
tions (B.2) and (B.3), the surface wave field o f the ring may be obtained as
2k
y/ = J cos ^cos ( ^- (B.4)
where:
B { z )  = jA(z,ZQ)dzQ  (B.5)
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B{z) is the amplitude function for all the magnetic rings together. Using a = y)' - (p,thQ integra­
tion may be written as
2 k
y/ =  j  B{z )  J [co s  (pcos^a -  cos  ^ c o s a s in a ]  (B.6)
0
To evaluate the integral in equation (B.6), the Jacobi-Anger expansion is used
=  J ,  ( A-m.p ) + 2 2 > -V „  (AM./:))COS( « « )  (B.7)
M=1
After invoking the orthogonality o f Fourier series terms cos(«a) and using the identity
«^ 1W ^ 2  W) (B-8)
following result is obtained
X)/ = -2 7 ta B { z )H y ^  [pji^^p)œ s< pj[ [ P n , a )  (B.9)
Equation (B.9) is a fundamental design equation which states that a ring o f magnetic current 
will not excite the TMo surface wave, provided the radius is chosen to satisfy
A{Pn,a) = ^  (B.IO)
which yields
A«.a = 4  =1-8412,5.3314,... (B.ll)
X  =1 841The value o f ' is chosen to have smallest possible ring radius. This value corresponds 
to the smallest possible radius for circular patch having no surface wave field with a necessary 
condition o f thin substrates. Thin substrate would also help in reducing the lateral component o f the 
radiating wave as according to [35] for thin substrates and the same condition speci­
fied in equation (B.IO) can be applied.
The antenna having the radius o f equation (B.IO) will not excite surface waves, will have re­
duced levels o f lateral space waves but will not resonate at the specific defined frequency.
Radius o f the microstrip patch to be resonant at the frequency o f zero surface wave propagation 
can be calculated using following equation o f the cavity model.
k^a=x^^ (B.12)
where h  is the substrate wave number. Dividing equation B.12 (for « = 1) by 26 we get
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Ê lth -^X  (B.13)
K
The above equation cannot be satisfied as k\ would always be greater than . Therefore,
equation (B.13) implies that the radius selected for the elimination o f TMo surface waves (critical 
radius) will always be greater than the resonant radius o f a normal resonant patch. Techniques are 
presented in the following which allow the microstrip antenna to achieve the desired resonant fre­
quency along with surface wave suppression.
B.1.1 Cored patch Design
A cored patch antenna is made by cutting a disc out o f the substrate material underneath the 
patch and filling it with a material having a smaller value o f wave number Qci < k\) as compared to 
the actual substrate used for the patch antenna, such as air {ki = h ) .  A cored patch antenna is shown 
in the following figure where a is the radius o f metallic patch chosen from the condition o f zero 
surface waves equation (B .ll)  and c is the core radius chosen to achieve desired resonant frequen­
cy.
Figure 2. Cored Patch Antenna [35]
To predict the resonant frequency o f the cored patch antenna a simple cavity model is used. The 
fields with in the two regions are expressed as follows;
p < c:
E^ = cos(pJ^ ( k ^ p )  (B .l4)
c< p < a:
E^ =  C0SÇ7[^y, +  (^2 P )] (B .l5)
Applying the boundary conditions for Ez and to be continuous at yo = c, and considering a 
perfect magnetic boundary, the following equation results [35]
—A[Kc)\_A M A M\ j \ MA M~AMA (V)]
Vi
where
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Equation (B .l6) can be solved numerically for c and will give at least one physical solution. A 
second solution also exists but that is a non-physical unless k\ is chosen to be very large. For the 
value o f k\ larger than the critical value o f k ^ , the second solution will become a physical solution
(c > 0) where c = 0 for =  k { . Choosing the second solution for microstrip patch gives the ad­
vantage o f very low fringing fields and the structure would be mechanically stable as the value o f c 
is very small and thus there is a small portion that needs to be cored out. The disadvantage o f using 
a second solution is that now the resonant mode o f patch antenna would be TMno instead o f the 
dominant mode TMno and care must be taken to avoid the excitation o f dominant mode in case o f a 
smaller bandwidth o f the resonant mode.
B.1.2 Shorted Annular Ring Pateh
Another variant o f reduced surface wave design is shorted annular ring patch. Instead o f removing 
the substrate, desired resonant frequency is achieved by making a short circuit boundary at a radius 
p = c where c < a. Due to this short circuited boundary the inner part o f  the patch is no longer use­
ful and can be removed thereby generating a shorted annular configuration. For calculating the 
radius o f the short circuit boundary, a PMC boundary condition is assumed, and the field for c < p  
< a  is taken as
E ^ = c o s ( p \ j ^ ( k ^ p ) - \ - A Y ^ { k ^ p ) \  (B .l 7)
Enforcing the boundary conditions dXp= c and p= a results in the equation
J,(k,c) J \ (p )
Y ^ K c )  Y [ { p )
with
(B.18)
f  =  ^  (B .l 9)
Pm
Equation B .l9 is a transcendental equation for determining c. One solution exists for all values
k  > k ^o f k\, and a second solution will exist for sufficiently large values o f k l such that  ^  ^ , with
k^
* having the same value as found for cored patch design.
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APPENDIX C
C l  Link Budget for a GNSS reflectometry
Link budget can be considered as the most important part o f designing a satellite communication 
link as it defines the required power o f a power amplifier based on the respective antenna gains or 
vice versa based on associated path and system losses. Equation (C .l) presents the basic link budg­
et for a GNSS reflectometry system where the transmitting GNSS satellite is revolving around the 
medium earth orbit (MEO) at the average distance o f 10,000 km while a reflectometry antenna 
onboard a low earth orbit (LEO) satellite at an average distance o f 1000 km is trying to pick up the 
reflected signals. Table C-1 presents the link budget calculations based upon the measured antenna 
gain o f the dual band S-SAR and the switched beam array antenna values presented in Table 3-1 
and Table 5-2. It is also necessary to mention that the following calculations are presented just to 
elaborate the concept. A more realistic link budget may include the effects o f rain and different 
losses o f the atmosphere. Moreover, a higher value for the transmit power will be needed to 
achieve an acceptable carrier to noise ratio (C/No).
JdB IH z
= i^(/jB)+G,(û©)-201og-^^^-201og^^^^+G,(rfB)-101ogA:
X X
(C.1)
Param eters 1.575 1.227
P,(dBW ) 13.5 13.5
G (dB ) 7.9 5.4
P U  (MEO) 176.4 174.23
PL2(LE0) 156.41 154.23
Gr 10.6 9.45
lGlogA:(dBW/K/Hz) -228.6 -228.6
C/iVo(dB/Hz) -72.2 -71.51
Table C-1: L ink budget example for GNSS reflectom etry
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